APPROVAL  SHEET 


Title  of  Thesis:  "Human  Immunodeficiency  Virus  Type  1  (HIV-1)  Viral  Protein  R  (Vpr)- 
Mediated  Cell  Cycle  Arrest:  An  Analysis  of  Current  Mechanistic  Models" 

Name  of  Candidate:  Mark  Sercovich 

Molecular  and  Cell  Biology  Program 

Master  of  Science 

Date 


Thesis  and  Abstract  Approved: 


Chou-Zen  Giam,  Ph.D. 

Department  of  Microbiology  &  Immunology 
Thesis  Advisor 


Q  -  /  •?  —  oL 

Date 


U 

Jeff 

fcfey  Harmon,  Ph.D. 

Department  of  Pharmacology 
Committee  Member 


Date 


stO^het  Broder,  Ph,B. 
Department  of- Microbiology' 
Committee  Member 


unology 


Date 


Report  Documentation  Page 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 

VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 

1.  REPORT  DATE 

2006 

2.  REPORT  TYPE 

3.  DATES  COVERED 

00-00-2006  to  00-00-2006 

4.  TITLE  AND  SUBTITLE 

5a.  CONTRACT  NUMBER 

Human  immunoaeticiency  virus  lype  i  (Hi  v-ij  viral  r  rote  in  k 
(Vpr)-Mediated  Cell  Cycle  Arrest:  An  Analysis  of  Current  Mechanistic 

5b.  GRANT  NUMBER 

Models 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Uniformed  Services  University  of  the  Health  Sciences, F.  Edward  Hebert 
School  of  Medicine, 4301  Jones  Bridge  Road, Bethesda,MD, 20814-4799 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

10.  SPONSOR/MONITOR'S  ACRONYM(S) 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

15.  SUBJECT  TERMS 

16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

18.  NUMBER 
OF  PAGES 

89 

19a.  NAME  OF 
RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


The  author  hereby  certifies  that  the  use  of  any  copyrighted  material  in  the  thesis 
manuscript  entitled: 

“Human  Immunodeficiency  Virus  Type  1  (HIV-1):  Viral  Protein  R  (Vpr)- 
Mediated  Cell  Cycle  Arrest:  An  Analysis  of  Current  Mechanistic  Models  " 

is  appropriately  acknowledged  and.  beyond  brief  excerpts,  is  with  the  permission  of  the 
copyright  owner. 


Mam;  .1.  Scrcryvich 

Molecular  and  Cell  Biology  Program 
Uniformed  Services  University 


Human  Immunodeficiency  Virus  Type  1  (HIV-1) 
Viral  Protein  R  (Vpr)-Mediated  Cell  Cycle  Arrest: 
An  Analysis  of  Current  Mechanistic  Models 


Prepared  by  Mark  J.  Sercovich 


Submitted  on  June  8,  2006 


Table  of  Contents 

Page  # 

Introduction  3 

Background  4 

HIV-1  Life  Cycle  Overview  4 

HIV-1  Viral  protein  R  (Vpr):  Structure,  Functions,  and  Cellular  Effects  6 

Vpr-induced  Host  G2/M  Cell  Cycle  Arrest  12 

Eukaryotic  Cell  Cycle  Regulation  Overview  13 

Cell  Cycle  Checkpoint  Activation  Models  16 

Summary  of  Relevant  Data  19 

Description  of  Checkpoint  Activation  Models  26 

Discussion  of  Data  and  Models  28 

Vpr  Effects  in  S.  pombe:  PP2A  and  Wee  1 -dependent  Models  33 

Summary  of  Relevant  Data  33 

Description  of  S.  pombe  Models  38 

Discussion  of  Data  and  Models  40 

Cdc25/Cdc25C  Inhibition-dependent  Models  5 1 

Summary  of  Relevant  Data  5 1 

Description  and  Discussion:  Vpr-CDC25C  Direct  Interaction 
Model  54 

Description  and  Discussion:  14-3-3  Protein-dependent  CDC25C 
Inhibition  Model  56 

Conclusion  59 

References  62 


2 


INTRODUCTION 


Human  immunodeficiency  virus  type  I  (HIV-1)  infection  causes  acquired 
immunodeficiency  syndrome  (AIDS),  the  most  globally  devastating  viral  disease  of  the 
past  25  years.  Development  of  effective  HIV-1  preventative  and  therapeutic  regimens 
has  proven  exceedingly  difficult,  as  the  virus  has  evolved  sophisticated  mechanisms  for 
thwarting  control  efforts.  A  detailed  understanding  of  HIV-1  molecular  biology  is 
therefore  necessary  in  order  to  generate  the  effective  and  inexpensive  prevention  and 
treatment  strategies  required  for  AIDS  pandemic  curtailment. 

HIV-1  optimizes  its  transmissibility  and  propagation  through  continual  change 
and  coordination  of  its  components’  functions  and  life  cycle  processes  with  one  another 
and  with  those  of  cellular  components  and  processes.  Comprehending  the  molecular 
bases  for  HIV-l’s  abilities  to  manipulate  host  cell  components  and  processes  is  key  to  the 
identification  of  the  virus’s  vulnerabilities.  This  thesis  focuses  on  one  identified  effect, 
G2/M  cell  cycle  arrest  induction  (1-5),  of  one  highly  conserved  HIV-1  component,  viral 
protein  R  (Vpr)  (6,  7).  A  mechanistic  understanding  of  this  function  is  important  because 
arrest  at  this  cell  cycle  stage  provides  a  selective  advantage  for  the  virus:  transcription 
from  the  viral  promoter  more  active  during  G2,  allowing  for  increased  viral  replication  (8- 
14).  Other  reasons  for  the  selective  advantage  of  G2/M  arrest,  e.g.  prevention  or  delay  of 
cell  death  by  “mitotic  catastrophe”  or  apoptosis,  are  also  possible  (3,  15-23).  Covering 
scientific  publications  through  November  2005,  this  thesis  explores  the  state  of 
knowledge  of  the  mechanism(s)  underlying  Vpr’s  ability  to  induce  G2/M  cell  cycle  arrest. 
The  author’s  goal  is  to  provide  a  disinterested  analysis  of  the  available  mechanistic 
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models  and  their  supporting  data  with  the  hope  of  being  helpful  to  the  reader  in  some 


manner. 


BACKGROUND 

To  provide  a  context  for  ensuing  sections,  this  section  provides  cursory  overviews 
of  the  HIV-1  life  cycle  and  of  Vpr  structure  and  proposed  functions  other  than  cell  cycle 
arrest  induction.  Excellent,  detailed  reviews  covering  these  topics  are  available 
elsewhere  [examples  include  (24,  25)]. 

HIV-1  Life  Cycle  Overview 

HIV-1  is  a  member  of  the  Lentivirus  genus  of  the  Orthoretrovirinae  subfamily  of 
Retroviridae.  The  assignment  of  the  “retrovirus”  family  name  was  based  on  the  major 
distinguishing  feature  of  its  members,  their  ability  to  generate  double- stranded  DNA 
copies  from  RNA  genomic  templates  by  virtue  of  a  provirus-encoded,  virion-associated 
reverse  transcriptase  (RT).  Each  retrovirus  additionally  encodes  an  integrase  (IN)  to 
catalyze  essential  steps  in  the  DNA  recombination  process  for  insertion  of  viral  DNA  into 
the  host  cell  genome.  Based  on  genome  structure,  retroviruses  are  classified  as  either 
simple  or  complex.  All  retroviruses  possess  5’-  and  3 ’-long  terminal  repeats  (LTRs); 
between  the  LTRs,  however,  simple  retroviruses  possess  only  three  genes,  gag,  pol,  and 
env,  while  complex  ones  possess  additional,  auxiliary  genes.  HIV-1  is  a  complex 
retrovirus  with  six  auxiliary  genes:  tat,  rev,  vif,  vpu,  nef,  and  vpr. 

The  HIV-1  life  cycle  begins  with  viral  attachment  to  the  host  cell  via  direct 
interaction  between  the  viral  envelope  glycoprotein  complex  [gpl20-gp41  or  surface 
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(SU)-transmembrane  (TM)]  and  specific  host  cell  surface  receptors  (CD4)  and  co¬ 
receptors  (CXCR4  for  macrophage-tropic  strains;  CCR5  for  those  infecting 
lymphocytes).  Viral  protein-mediated  fusion  of  the  viral  and  cellular  envelopes  ensues, 
allowing  access  of  the  viral  core  complex  to  the  cytoplasm  of  the  infected  cell.  Core- 
associated  RT  then  catalyzes  the  production  of  a  linear,  double- stranded  DNA  copy  of  the 
RNA  genome,  and  this  DNA  is  translocated  into  the  nucleus  as  part  of  the  viral  pre¬ 
integration  complex  (PIC).  The  PIC,  containing  IN  and  other  core-associated  viral 
proteins,  contacts  chromatin,  permitting  integration  of  the  viral  DNA  into  the  host 
genome  via  IN-catalyzed  recombination.  The  integration  process  appears  to  have  few,  if 
any,  site  specificity  requirements,  and  the  role(s)  of  host  DNA  damage  recognition  and 
repair  components  in  the  integration  process  is/are  controversial. 

Post-integration,  retroviral  DNA  is  termed  provirus  and  its  full-length 
transcription  is  catalyzed  by  cellular  RNA  polymerase  II  (pol  II).  Alternative  splicing  of 
the  primary  RNA  transcript  at  single  or  multiple  sites  produces  more  than  30  different 
mRNA  species.  The  Env  precursor  protein  transcripts  are  targeted  to  the  rough 
endoplasmic  reticulum  (ER)  for  translation,  and  the  precursor  protein  is  processed  and 
transported  via  the  cellular  secretory  pathway  to  the  plasma  membrane  as  mature  gpl20- 
gp41  envelope  protein  complexes.  Other  mRNA  products  are  translated  on  cytoplasmic 
ribosomes  to  individual  viral  proteins  or,  in  the  case  of  Gag  (group-associated  antigen) 
and  Gag-Pol  (polymerase),  precursor  polyproteins.  Full-length  transcripts,  destined  to 
function  as  progeny  viral  genomic  RNA,  are  also  exported  from  the  nucleus.  Two  copies 
of  these  are  encapsidated  by  viral  polyproteins  after  export. 
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Components  of  the  progeny  virion  are  targeted  to  the  inner  face  of  the  plasma 
membrane  for  assembly  and  subsequent  budding.  After  release,  virions  undergo  a 
structural  maturation  process  as  the  result  of  viral  protease-catalyzed  cleavage  of  Gag  and 
Gag-Pol  polyproteins  into  their  individual  components— matrix  (MA),  capsid  (CA), 
nucleocapsid  (NC),  protease  (PR),  and  p6  for  Gag;  RT  and  IN  for  Pol.  During  this 
maturation  process,  the  viral  particle’s  three-dimensional  structure  evolves  from  spherical 
to  icosahedral,  and  the  virion  acquires  the  capacity  to  infect. 


HIV-1  Viral  protein  R  (Vpr):  Structure,  Functions,  and  Cellular  Effects 

HIV-1  Vpr  is  a  96  amino  acid-long  HIV-1  accessory  gene  product  with  an 
approximate  molecular  mass  of  14kD  and  is  produced  on  cytoplasmic  ribosomes  from 
singly-spliced  viral  mRNA  (32-34).  The  Roques  laboratory  performed  much  of  the 
pioneering  work  on  elucidating  Vpr’s  three-dimensional  structure,  a  formidable  task 
because  of  Vpr’s  small  size  and  high  propensity  for  self-aggregation  in  water.  This 
laboratory’s  nuclear  magnetic  resonance  (NMR)  data,  first  on  recombinant  amino  (N)- 
terminal  and  carboxyl  (C)-terminal  Vpr  peptides  and  later  on  full-length  synthetic  Vpr, 
suggested  that  Vpr  possesses  a  hydrophobic  core  surrounded  by  three  alpha-helices.  On 
either  side  of  these  helices,  Vpr’s  N-and  C-termini  display  little  inherent  structure  and 
high  degrees  of  flexibility  (35-42).  The  arginine-rich,  highly  basic  C-terminus  may 
represent  a  protein  transduction  domain  (PTD):  virion-free,  extracellular  Vpr  is 
frequently  found  in  HIV  patients’  sera  and  cerebrospinal  fluid  (CSF)  and  has  been 
reported  to  penetrate  cell  membranes  (43-47).  This  transduction  ability  has  been 
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suggested  to  play  a  role  in  HIV-1  pathogenic  processes  such  as  lymphocyte  depletion  via 
“bystander”  cell  death  induction  and  the  CNS  neuron  depletion  of  HIV- 1 -associated 
dementia.  Vpr  amino  acid  residues  17-29  and  35-46  form  the  first  two  predicted  helices 
and  are  separated  by  a  beta-turn;  the  third,  formed  from  amino  acids  53-78,  possesses  a 
central,  22  amino  acid-long  isoleucine/leucine-rich  region  that  endows  this  helix  with  a 
leucine  zipper-like  structure  (35-42).  The  structural  domains  of  Vpr  appear  to  be 
important  for  specific  protein-protein  interactions  that  modulate  Vpr’s  functions  and 
cellular  effects. 

Besides  pre-mitotic  host  cell  cycle  arrest  induction,  a  number  of  HIV-1  life  cycle 
functions  have  been  reported  for  Vpr,  and  the  biological  significance  of  most  is 
associated  with  the  proliferation  status  or  capacity  of  the  infected  cell  [reviewed  in  (24, 
48,  49)].  These  reported  functions  include:  reverse  transcription  initiation  involvement 
(50),  limiting  the  mutation  rate  of  HIV-1  DNA  synthesis  (51,  52),  facilitating  the  nuclear 
import  of  the  viral  PIC  (53),  increasing  viral  replication  by  increasing  transcription  from 
the  HIV-1  LTR  (9,  13,  14),  and  affecting  host  cell  survival  and  lifespan  (3,  15,  22,  23,  59- 
73). 

HIV-1  reverse  transcription  initiation  requires  a  lysine  transfer  RNA  (tRNAlys) 
primer,  and  Stark  and  Hay  proposed  that  Vpr  has  a  role  in  this  initiation  through  an 
interaction  with  lysine-tRNA  synthetase  that  requires  Vpr’s  N-terminal  domains.  This 
interaction  has  been  suggested  to  prevent  lysine-tRNA  synthetase-mediated  amino 
acylation  of  tRNAlys,  allowing  primer  targeting  to  and  incorporation  into  the  virion. 
These  investigators  speculated  that,  since  deacylated  tRNAs  are  less  abundant  in 
translationally  inactive  cells,  this  Vpr  function  might  be  more  important  in  resting 
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lymphocytes  and  terminally-differentiated  macrophages,  cell  types  in  which  Vpr  appears 
to  be  critical  for  viral  replication  (50). 

Vpr’s  proposed  ability  to  control  the  mutation  rate  associated  with  the  error-prone 
reverse  transcription  process  occurs  via  an  interaction  with  a  cellular  uracil  DNA 
glycosylase  (UNG2)  thereby  preventing  uracil  incorporation  into  proviral  DNA.  Vpr  is 
incorporated  into  virions  at  relatively  high  levels  thereby  allowing  Vpr  to  function  as  a 
viral  immediate  early  protein,  and  the  Vpr-UNG2  interaction  has  been  proposed  to  be  the 
mechanism  for  inclusion  of  enzymatically  active  UNG2  into  virions.  The  UNG2 
interaction  function  of  Vpr  also  appears  to  be  more  important  in  non-  or  slowly- 
proliferating  cells:  a  Vpr  mutant  incapable  of  targeting  UNG2  to  the  virion  severely 
limited  viral  replication  efficiency  in  primary  monocyte-derived  macrophages  but  had  no 
effect  on  replication  in  primary  blood  mononuclear  cells  (PBMCs).  A  tryptophan  residue 
within  Vpr’s  third  helix,  Trp54,  appeared  to  be  critical  for  its  ability  to  interact  with 
UNG2  (51,52). 

Another  Vpr  function  in  the  viral  life  cycle  particularly  important  in  non¬ 
replicating  cells  is  its  contribution  to  PIC  transport  across  the  nuclear  membrane.  Since 
these  cells  do  not  undergo  mitosis-associated  nuclear  envelope  breakdown,  a  mechanism 
for  PIC  nuclear  translocation  is  essential  for  productive  infection.  Vpr-binding  partner 
interactions  that  have  been  suggested  to  be  significant  in  the  PIC  translocation  process 
are  those  with  other  viral  components  of  the  PIC,  e.g.  IN  and  viral  DNA,  and  cellular 
trafficking  proteins,  e.g.  (a)  nucleoporin(s),  importin-alpha,  and  a  novel  Vpr-interacting 
protein  (RIP).  The  Vpr  domain  requirements  for  its  PIC  import  function  are  nebulous, 
but  its  amino  terminal  regions  appear  to  be  particularly  important  for  the  few  interactions 
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that  have  been  elucidated.  However,  a  nuclear  export  role  associated  with  its  third  helix 
has  also  been  suggested  for  Vpr  (53-55). 

In  addition  to  indirectly  increasing  proviral  transcription  by  arresting  the  cell 
cycle  at  a  stage  in  which  this  process  is  most  active,  Vpr  has  been  proposed  to  play  (a) 
direct  role(s)  in  the  transcriptional  activation  process.  Direct  interactions  of  Vpr  with 
Tat,  the  HIV-1  transactivator,  and  with  an  array  of  cellular  transcription  factors  and 
transcriptional  co-activators  have  been  reported  to  affect  both  proviral  and  cellular  gene 
transcription.  Vpr- interacting  cellular  transcription  components  include  Spl,  p300, 
transcription  factor  IIB  (TFIIB),  the  glucocorticoid  receptor  (GR),  and  cyclin  Tl.  Vpr’s 
transcriptional  activation  ability  is,  however,  controversial.  At  best,  Vpr  can  be 
characterized  as  a  weak  LTR  transactivator;  most,  if  not  all,  of  the  observed  experimental 
effects  are  probably  attributable  to  Vpr’s  ability  to  arrest  the  cell  cycle  (9,  11-14,  56-58). 

Vpr’s  effects  on  host  cell  survival  have  been  studied  extensively,  but  the  nature 
and  significance  of  these  effects  remain  unclear.  One  broad  unresolved  question  is 
whether  Vpr  promotes  apoptosis,  cell  survival,  or  both.  As  discussed  below, 
experimental  evidence  of  Vpr’s  pro-apoptotic  effects  is  substantial,  but  the  mechanism(s) 
responsible  and  the  biological  relevance  of  Vpr-mediated  apoptosis  have  not  been 
established.  Early  investigations  of  Vpr’s  cell  cycle  arrest  effects  led  to  speculation  that 
these  effects  increased  the  longevity  of  infected  cells:  He  et  al.  suggested  that  cell  cycle 
arrest  might  maximize  virion  production  by  suppressing  the  cellular  apoptotic  response 
and  increasing  viral  persistence.  Studies  from  a  number  of  groups  suggested  that  this 
might  indeed  be  the  case  (3);  and  later,  in  attempts  to  explain  the  apparent  contradiction 
of  Vpr’s  abilities  to  promote  both  cell  survival  and  apoptosis,  two  groups  demonstrated 
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conditions  under  which  Vpr  might  have  opposite  effects  on  cell  survival.  Ayyavoo  et  al. 
provided  evidence  that,  in  combination  with  initiation  of  T-cell  receptor  (TCR)  signaling, 
Vpr  blocked  NFkappaB  activities  by  inducing  its  inhibitor,  IkappaB.  Among  the  blocked 
activities  were  apoptosis,  T  cell  activation,  and  NFkappaB -dependent  cytokine 
production.  Without  concurrent  TCR  signaling,  however,  Vpr  induced  apoptosis  (23). 
Conti  et  al.  provided  evidence  that  Vpr’s  influence  on  apoptotic  decision-making  might 
depend  on  the  Vpr  dose  and  infection  stage  of  the  cell:  higher  Vpr  levels  and  later 
infection  stages  favored  apoptosis,  while  survival  was  supported  by  lower  expression  at 
early  times  post-infection  (15,  22).  While  suggesting  that  Vpr  may  indeed  have 
diametrically-opposed  effects  on  cell  survival,  the  mechanistic  orchestration  and 
coordination  of  these  functions  and  how  these  give  rise  to  a  selective  viral  advantage 
remain  undefined. 

Another  enigma  in  the  field  of  Vpr-mediated  apoptosis  is  the  vast  range  of 
mechanisms  proposed  for  this  process.  Which,  if  any,  occur  during  HIV-1  infection  is 
impossible  to  decipher  at  this  juncture.  In  two  Stewart  et  al.  studies,  the  Chen  laboratory 
was  first  to  demonstrate  that  caspase-dependent  apoptosis  followed  G2/M  arrest  in  a 
variety  of  Vpr-expressing  human  cell  lines  (60,  61).  The  Kroemer  group  has  since 
proposed  a  caspase-independent  mechanism  in  which  Vpr  is  directly  toxic  to 
mitochondria  via  association  with  the  adenine  nucleotide  translocator  (ANT)  component 
of  the  mitochondrial  permeability  transition  pore  (MPTP)  (62-65).  Yuan  et  al. 
demonstrated  that  Vpr’s  ability  to  induce  apoptosis  might  be  Wee  1 -dependent  as  Vpr- 
induced  apoptosis  was  suppressed  by  Weel  over-expression  in  HeLa  cells  (66).  In 
contrast  to  earlier  Chen  laboratory  findings,  Nishizawa  et  al.  provided  substantial 
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evidence  that  Vpr’s  ability  to  induce  apoptosis  was  independent  of  its  ability  to  arrest  the 
cell  cycle  at  G2/M.  Three  isoleucine  and  leucine  residues  within  Vpr’s  third  helix  were 
necessary  for  apoptosis  induction  in  their  experiments  (69).  Watanabe  et  al.’s  findings 
suggested  that  centrosomal  duplication  abnormalities  were  one  source  of  Vpr-induced 
apoptosis.  This  group  concluded  that  these  Vpr-induced  abnormalities,  occurring  in  G2 
phase  of  the  cell  cycle,  triggered  aberrant  mitotic  spindle  formation  that  ultimately 
prevented  normal  nuclear  and  cell  division.  Apoptosis  was  the  invariable  consequence 
(70).  Chang  et  al.  provided  evidence  that  anti-apoptotic  members  of  the  Bcl-2  protein 
family  can  suppress  Vpr’s  apoptotic  effects  (71),  and  Zimmerman  et  al.  have  recently 
proposed  that  Vpr’s  ability  to  initiate  apoptosis  is  a  product  of  its  ability  to  activate  DNA 
damage  and  repair  signaling  pathways  (72).  While  this  list  of  findings  is  far  from  being 
an  all-inclusive  overview  of  the  Vpr-mediated  apoptosis  field,  the  complications  involved 
in  assessing  biological  relevance  of  the  findings  are  apparent. 

The  general  question  of  biological  relevance  is  the  third  and  most  important 
unresolved  question  in  the  field.  While  a  minor  role  for  Vpr  might  be  conceded,  the 
consensus  among  researchers  is  that  HIV- 1 -mediated  apoptosis  is  primarily  an  Env- 
mediated  process,  and  some  investigators  refuse  to  concede  even  a  minor  role  for  Vpr  in 
HIV- 1 -associated  host  cell  apoptosis.  Glynn  et  al.’s  experiments  using  HIV- 1 -infected 
H9  cells,  human  CD4+  T  cells,  demonstrated  that  the  resulting  cellular  apoptosis,  as  well 
as  being  IL-lbeta  converting  enzyme  (ICE)  protease-dependent,  displayed  no  cell  cycle 
phase  specificity.  This  group’s  argument  was  that,  if  Vpr-mediated  apoptosis  were 
biologically  significant,  a  correlation  between  the  cell  cycle  stage  of  H9  cell  apoptosis 
and  the  stage  of  Vpr-mediated  arrest,  G2/M,  should  have  been  observed  (73). 
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VPR-INDUCED  HOST  G2/M  CELL  CYCLE  ARREST 


That  Vpr  causes  G2/M  cell  cycle  arrest  is  its  best-studied  and  most  widely 
accepted  function.  Levy  et  al.  provided  the  first  substantive  evidence  that  Vpr  might 
function  to  prevent  host  cell  proliferation,  demonstrating  that  Vpr  expression  correlated 
with  HIV-1  transfection-blocked  proliferation  of  three  human  sarcoma  cell  lines.  Vpr 
expression  also  correlated  with  induction  of  cellular  differentiation  in  at  least  one  of 
these,  the  TE671  rhabdomyosarcoma  cell  line  (2).  Rogel  et  al.  provided  the  first 
evidence  suggesting  that  Vpr-mediated  cell  cycle  arrest  is  ultimately  the  result  of 
Cdc2/Cdkl  inhibition  (1).  This  group  demonstrated  that  Vpr  expression  caused  cell  cycle 
profile  redistribution;  Vpr-expressing  cells  accumulated  with  4N  DNA  content  suggestive 
of  post-DNA  replication  cell  cycle  arrest.  Separate  subsequent  studies  from  three 
different  groups  formally  ruled  out  the  possibility  that  these  abnormal  profiles  had  been 
the  result  of  cytotoxic,  rather  than  cycle-arresting,  effects  of  Vpr.  First,  Jowett  et  al. 
reported  that  HIV- 1 -infected  CD4+  T  lymphocytes  and  T  lymphoblastoid  cell  lines 
accumulated  in  G2  or  early  mitosis  and  demonstrated  that  Vpr  was  necessary  and 
sufficient  for  this  effect  (5).  One  month  later,  both  He  et  al.  and  Re  et  al.  published 
results  that  confirmed  accumulation  of  inactive  Cdc2/Cdkl  in  Vpr-arrested  cells  (3,  4).  A 
decade  and  dozens  of  publications  on  Vpr’s  cell  cycle  effects  later,  inactivation  of 
Cdc2/Cdkl  is  the  only  mechanistic  aspect  of  Vpr-induced  G2/M  arrest  uniformly 
accepted  by  researchers  in  this  field. 
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Eukaryotic  Cell  Cycle  Regulation  Overview 

This  overview  is  provided  to  facilitate  understanding  of  subsequent  sections. 
Because  the  Schizosaccharomyces  pombe  ( S .  pombe )  system  has  proven  to  be  extremely 
valuable  in  elucidating  the  basis  of  Vpr’s  cell  cycle  effects,  information  on  both  fission 
yeast  and  mammalian  cell  cycle  progression  regulation  is  provided.  Excellent,  detailed 
reviews  covering  cell  cycle  regulation  are  widely  available  [examples  include  (26-31)]. 

Cyclin-dependent  kinases  (Cdks)  are  the  master  regulators  of  cell  cycle 
transitions.  Cell  cycle  regulation  in  mammalian  cells  is  effected  through  multiple  Cdks  in 
association  with  different  cyclins.  Active  mammalian  Gi  cyclin-Cdk  complexes, 
comprised  of  cyclin  D  family  members  with  Cdk4  or  Cdk6,  are  inactivated  to  allow 
Cdk2-mediated  transition  to  and  through  S  phase.  Two  associated  cyclin  partners,  cyclin 
E  and  cyclin  A,  mediate  the  activity  and  functions  of  Cdk2.  Cdkl  and  a  B -cyclin  family 
member,  particularly  cyclin  Bl,  are  the  primary  components  of  the  mammalian  mitosis- 
promoting  factor  that  regulates  the  transition  from  G2  into  prophase  and  progression 
through  mitosis.  In  fission  yeast,  however,  Cdc2,  a  Cdkl  homologue,  regulates  all  cell 
cycle  transitions;  a  variety  of  associated  cyclins  dictate  cell  cycle  phase  and  function 
specificity. 

Since  Cdks  are  generally  stable  molecules  and  their  abundance  within  the  cell  is 
usually  non-limiting,  their  activities  are  generally  assumed  to  be  predominately 
controlled  by  post-translational  mechanisms.  One  of  these  mechanisms,  as  their  Cdk 
designation  implies,  is  the  association  with  a  cyclin  binding  partner,  an  association 
necessary,  but  not  sufficient,  for  enzymatic  activation.  Unlike  mammalian  Cdkl,  S. 
pombe  Cdc2  activity  is  required  for  both  the  duplication  and  segregation  of  fission  yeast 
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chromosomal  DNA.  Four  cyclins  with  cell  cycle  regulatory  functions  have  been 
identified  in  association  with  fission  yeast  Cdc2:  Cigl,  Cig2,  Pucl,  and  Cdcl3.  Cig2  is 
the  major  S-phase  cyclin  that,  in  a  similar  manner  to  mammalian  cyclin  E,  accumulates 
late  in  Gi  and  degrades  prior  to  the  onset  of  G2.  Cdcl3  is  the  S.  pombe  mitosis- 
promoting  cyclin  partner  of  Cdc2. 

Activating  phosphorylation  by  Cdk-activating  kinases  (CAKs)  is  a  second  major 
mechanism  for  positive  regulation  of  Cdks  and  is  usually  required  for  full  Cdk  enzymatic 
activity.  A  common  structural  feature  of  Cdks  is  a  “T  loop”,  and  CAK-mediated 
phosphorylation  of  a  threonine  residue  within  this  region,  e.g.  Cdk2’s  Thr169,  is  usually 
required  for  maximal  Cdk  enzymatic  activity.  The  core  components  of  the  mammalian 
Cdkl  CAK  comprise  a  Cdk-cyclin  complex  themselves,  Cdk7-  cyclin  H;  these  CAK 
components  also  participate  in  RNA  polymerase  II  carboxyl-terminal  domain  (CTD) 
phosphorylation.  The  fission  yeast  CAK  has  similar  functions  in  both  Cdc2  “T  loop” 
threonine  and  RNA  polymerase  II  CTD  phosphorylation. 

Inhibitory  phosphorylation  of  Cdc2/Cdkl  is  a  major  mechanism  for  preventing 
uncontrolled  cell  proliferation.  The  fission  yeast  Mikl  and  Weel  kinases  and  their 
homologues  in  other  eukaryotic  cells  phosphorylate  the  residues  equivalent  to  Cdc2’s 
Thr14  and  Tyr15,  modifications  that  prevent  mitotic  Cdk  activity.  While  these  residues  are 
adjacent  to  the  Cdk’s  ATP-binding  site,  the  molecular  mechanism  for  this  method  of 
inhibition  has  not  been  firmly  established.  The  fission  yeast  Cdc25  dual- specificity 
phosphatase  and  its  multiple  homologues  in  higher  eukaryotes,  Cdc25A/B/C,  are 
responsible  for  regulating  mitotic  entry  by  dephosphorylating  the  Cdc2  Thr14  and  Tyr15 
equivalents.  Cdc25C  is  generally  considered  to  be  the  homologue  primarily  responsible 
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for  Cdkl  dephosphorylation;  however,  since  Cdc25C  knockout  mice  suffer  no  apparent 
mitotic  abnormalities,  functional  redundancy  and/or  overlap  among  the  homologues  is 
likely. 

Binding  of  Cdks,  with  or  without  an  associated  cyclin,  to  endogenous  cyclin- 
dependent  kinase  inhibitors  (CKIs)  is  a  second  principal  mechanism  for  directly 
preventing  CDK  activation.  This  mechanism  is  most  prominent  during  Gi,  but  a  few 
CKIs  may  also  play  a  role  in  regulating  steps  leading  to  mitotic  entry.  Ruml,  the  only 
identified  fission  yeast  CKI,  associates  with  Cdc2  during  exit  from  mitosis  as  Cdcl3  is 
degraded.  This  association  prevents  significant  Cdc2  activity  during  Gi.  As  cells 
approach  the  Gi/S  boundary,  phosphorylation-dependent  Ruml  degradation  occurs, 
lifting  restrictions  on  Cig2-Cdc2  activity  and  allowing  cell  cycle  progression  through  the 
Gi/S  restriction  point. 

Vpr’s  cell  cycle  effects  do  not  appear  to  result  from  altered  cyclin  B  or  Cdkl 
expression  levels;  and  direct  interaction  of  Vpr  with  Cdkl  and  cyclin  B,  alone  or  in 
complex,  has  never  been  demonstrated.  The  logical  inference  is  that  Vpr  blocks  mitotic 
entry  and,  therefore,  cellular  proliferation,  by  interacting  with  (a)  Cdkl  regulator(s). 
Preventing  uncontrolled  proliferation  of  cells  while  meeting  developmental  and 
replacement  demands  requires  that  Cdks  and  their  regulators  be  under  strict  controls. 
Since  many  factors  affect  the  cellular  decision  to  proliferate,  these  control  mechanisms 
incorporate  signals  from  the  numerous  pathways  that  monitor  both  extracellular  and 
intracellular  environmental  conditions.  The  multitude  and  complexity  of  pathways 
regulating  Cdc2/Cdkl  activity  offer  an  abundance  of  potential  mechanisms  by  which  Vpr 
might  induce  cell  cycle  arrest. 
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A  substantial  amount  of  experimental  evidence  suggests  that  aberrant  regulation 
of  Weel  and  Cdc25C  plays  an  essential  role  in  Vpr-induced  G2  arrest,  and,  like 
Cdc2/Cdkl,  Weel  and  Cdc25  are  themselves  regulated  temporally  and  spatially  by 
intricate  networks  of  transcriptional,  translational,  and  post-translational  mechanisms 
during  cell  cycle  progression.  All  of  the  proposed  models  discussed  in  this  thesis  suggest 
that  Vpr- mediated  arrest  occurs  via  pathways  that  regulate  Weel  and/or  Cdc25. 

Cell  Cycle  Checkpoint  Activation  Models  of  Vpr- Mediated  Arrest 

One  point  of  contention  in  the  study  of  Vpr’s  cell  cycle  effects  is  the  role  of  cell 
cycle  checkpoint  signaling  pathways  in  mediating  these  effects.  Cell  cycle  checkpoints 
monitor  the  completion  of  intracellular  events  essential  for  cell  proliferation,  ensuring  the 
appropriate  temporal  and  spatial  coordination  of  these  events.  Oversight  of  DNA 
maintenance  and  metabolism  is  a  particularly  important  function  of  cell  cycle 
checkpoints  as  the  genome  is  especially  susceptible  to  disastrous  alterations  resulting 
from  a  variety  of  stresses,  including  those  associated  with  meeting  the  demand  to 
proliferate  [reviewed  in  (74-76)]. 

While  checkpoint  signaling  pathways  are  far  from  being  completely  understood, 
the  molecular  signals  that  activate  DNA-associated  responses  appear  to  be  unusual  DNA 
structures  or  complexes,  e.g.  double- stranded  DNA  breaks  (DSBs)  and  single- stranded 
DNA  (ssDNA)  (77,  78).  These  may  occur  either  in  S  phase  in  conjunction  with  stalled  or 
collapsed  replication  forks  as  the  result  of  stress  during  replication  or  in  any  phase  of  cell 
cycle  progression  in  response  to  genotoxic  events.  In  mammalian  cells,  two 
phosphatidylinositol-3  kinase  (PI3K)-like  kinases  (PIKKs),  ataxia  telangiectasia-mutated 
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(ATM)  and  ATM  and  Rad3-related  protein  (ATR),  are  known  upstream  transducers  of 
subsets  of  checkpoint-activating  signals.  DNA  lesion  specificity  may  play  some  role  in 
their  activation:  ATR  appears  to  be  activated  in  response  to  ssDNA  or  DSBs  processed 
into  single-strand  lesions,  and  ATM  activation  appears  to  occur  when  DNA  DSBs  are 
generated,  particularly  in  response  to  gamma-irradiation.  Some  degree  of  functional 
overlap  between  ATR  and  ATM  is  probable,  however. 

Unlike  the  lipid  targets  of  PI3K,  ATR  and  ATM  phosphorylate  proteins,  and  their 
substrate  specificities  also  overlap.  In  addition  to  proteins  involved  in  cell  cycle 
regulation,  targets  of  these  PIKKs  are  involved  in  processes  such  as  chromatin 
remodeling  at  sites  of  DNA  damage  and  DNA  repair.  Known  ATR  targets  include: 
Chkl,  Radl7,  the  H2A  variant  X  histone  (H2AX),  BRCA1,  Plkl,  p53,  53BP1,  and  E2F. 
A  single  fission  yeast  PIKK,  Rad3,  appears  to  perform  the  relevant  functions  of  both 
ATM  and  ATR  [reviewed  in  (74-76)]. 

In  fission  yeast  and  vertebrate  cells,  the  primary  downstream  effectors  of 
activated  G2/M  checkpoint-mediated  arrest  are  Cdc25/Cdc25C  and  Weel.  Chkl  and 
Cdsl/Chk2,  downstream  checkpoint  kinases  activated  by  ATR  and/or  ATM,  catalyze 
inhibitory  Ser216  phosphorylation  of  Cdc25/Cdc25C.  In  addition  to  directly  inhibiting 
Cdc25C  phosphatase  activity,  Cdc25C  Ser'  phosphorylation  creates  a  14-3-3  protein 
binding  site,  facilitating  Cdc25C- 14-3-3  interactions.  These  interactions  result  in 
Cdc25C  nuclear  export  and  cytoplasmic  sequestration,  further  inhibiting  its  ability  to 
activate  Cdc2/Cdkl.  Chkl  also  enhances  Weel’s  ability  to  maintain  Cdc2  in  an  inactive 
state  by  phosphorylating  Weel  on  Ser549.  14-3-3  proteins  are  again  implicated  as  playing 
a  major  role  in  the  G2/M  checkpoint:  Weel  Ser549  phosphorylation  results  in  its 
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association  with  14-3-3  proteins,  an  association  that  has  a  positive  regulatory  effect  on 
Weel  [reviewed  in  (74,  75,  81)]. 

The  mammalian  p38  mitogen-activated  protein  kinase  (MAPK)  and  homologous 
fission  yeast  Styl  stress-activated  protein  kinase  (SAPK)  pathways  have  recently  been 
demonstrated  to  function  in  a  third,  ATR-  and  ATM-independent,  G2/M  checkpoint 
signaling  pathway.  In  response  to  hyperosmotic  stress,  p38  and  Styl  activate  MAPKAP 
kinase-2  (MK2)  and  Srkl,  respectively,  which  subsequently  phosphorylate  Cdc25 
homologues,  inducing  their  binding  to  and  cytoplasmic  sequestration  by  14-3-3  proteins. 
This  occurs  in  a  manner  apparently  identical  to  Chkl -mediated  activities  after  DNA 
damage-induced  Rad3  homologue  activation.  One  group  has  suggested  that  MK2  be 
renamed  Chk3,  a  suggestion  supported  by  their  observation  that  MK2  inactivation 
prevents  a  functional  UV  irradiation-induced  G2/M  checkpoint  activation  response.  The 
activating  signal(s)  for  the  SAPK-dependent  G2  checkpoint  is/are  unknown  but  may  be 
stress-induced  cellular  alterations  not  directly  involving  DNA  (79,  80). 

Another  aspects  of  DNA  damage  responses  relevant  to  the  ensuing  discussion 
include  the  effects  of  treatment  with  methylxanthine  derivatives.  Methylxanthine 
derivatives,  like  pentoxifylline  and  caffeine,  are  pharmacological  inhibitors  of  ATR  and 
ATM.  These  effects  are,  however,  non-specific;  other  biochemical  activities,  e.g.  cyclic 
nucleotide  phosphodiesterase  (PDE)  inhibitory  activity,  are  associated  with  these  agents. 
These  have  been  employed  in  a  number  of  studies  attempting  to  elucidate  the  molecular 
mechanism(s)  behind  Vpr’s  ability  to  arrest  the  cell  cycle.  Methylxanthine  derivatives 
selectively  sensitize  certain  tumor  cells,  especially  those  that  are  p53-deficient,  to 
radiation  and  chemotherapeutic  agents.  This  effect,  eventually  attributed  to  their  abilities 
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to  inhibit  ATR  and  ATM  activities,  was,  until  recently,  thought  to  be  the  direct  result  of 
G2/M  checkpoint  dysfunction.  Mitotic  entry  prior  to  adequate  DNA  repair  was  believed 
to  trigger  cell  death  in  these  treated  tumor  cells.  Recent  data  suggest,  however,  that 
methylxanthine  treatment  leads  to  inhibition  of  a  PIKK-mediated  step  in  the  DNA  repair 
by  homologous  recombination  (HRR)  process  and  that  this,  not  reduced  repair  time,  is 
responsible  for  the  increased  sensitivity  seen  with  combination  therapy  [reviewed  in 
(82)]. 

Summary  of  Relevant  Data 

The  end  result  of  ATR-  and/or  ATM-mediated  G2  checkpoint  activation  is  a  G2 
arrest  characterized  by  Cdc25C  inactivation  and  hyper-phosphorylation  of  Cdc2/Cdkl, 
similar  to  the  arrest  seen  in  Vpr-mediated  arrest.  This  observation  has  led  to  tests  of  the 
hypothesis  that  Vpr  mediates  arrest  by  activating  a  G2/M  checkpoint  signal  transduction 
pathway,  either  by  directly  damaging  cellular  DNA  or  by  mimicking  an  ATR-  or  ATM- 
activating  signal.  Early  tests  of  this  hypothesis  were  not  supportive,  however.  Bartz  et 
al.  tested  Vpr’s  ability  to  elicit  G2  arrest  in  cells  lacking  functional  ATM  (AT  cells)  and 
discovered  that  absence  of  this  checkpoint-associated  PIKK  had  no  effect  on  Vpr’s 
action.  Additionally,  re-replication  of  the  cellular  genome  was  not  prevented  in  a  sub¬ 
population  of  HIV-infected,  Vpr-expressing  Jurkat  T  cells:  a  significant  percentage  of 
cells  infected  with  vpr+,  but  not  vpr,  experimental  HIV  strains  became  tetraploid.  The 
presence  of  both  multi-  and  mono-nucleated  sub-populations  of  these  8N  vpr+  cells 
suggested  that  at  least  some  had  entered  mitosis.  Unlike  DNA  damage-induced  arrest, 
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Vpr-induced  arrest  in  HeLa  cells  appeared  to  be  unaffected  by  treatment  with 
methylxanthine  derivatives  in  the  Bartz  et  al.  experiments  (90). 

Both  Masuda  el  al.  and  Elder  el  al.  tested  the  requirement  for  G2/M  cell  cycle 
checkpoint-associated  genes  in  Vpr’s  arrest  of  the  S.  pombe  cell  cycle.  In  these  studies, 
Vpr  was  expressed  in  a  number  of  checkpoint-deficient  fission  yeast  strains,  and  none  of 
the  associated  mutations  reversed  Vpr’s  anti- proliferative  and  arrest-inducing  effects. 
The  upstream  checkpoint  genes  tested  in  these  experiments  included  radl,  racl3 ,  racl9, 
and  radl  7;  the  downstream  effector  kinase  genes,  chkl  and  cdsl,  were  also  mutated 
alone  or  in  combination  in  these  studies.  Elder  et  al.  did,  however,  demonstrate  that 
treatment  with  5mM  pentoxifylline  alleviated  Vpr-induced  arrest  in  wild-type  fission 
yeast,  and  Masuda  et  aids  data  did  suggest  that  proliferation  of  Vpr-expressing  delta  chkl 
or  radl-1  fission  yeast  recovered  to  control  levels  at  late  time  points  post- Vpr  expression 
(91-93). 

Poon  et  al.  were  first  to  propose  that,  in  human  cells,  Vpr  does,  indeed,  arrest  the 
cell  cycle  by  activating  a  signaling  pathway  linking  DNA  damage  recognition  to  cell 
cycle  progression  regulation.  This  group  noted  that  Vpr-expressing  cells  and  those  treated 
with  a  DNA  alkylating  agent,  nitrogen  mustard  (HN2),  shared  common  features— both 
failed  to  enter  mitosis  following  DNA  replication  and  possessed  inactive,  hyper- 
phosphorylated  Cdkl  (94).  Poon  et  al.  tested  their  proposal  in  HeLa  cells  and 
demonstrated  that  similarly  abnormal  cell  cycle  profiles  resulted  from  Vpr  expression  and 
HN2  treatment  and  that  these  profiles  correlated  with  similarly  increased  quantities  of 
slower-migrating,  presumably  hyper-phosphorylated,  CDK1  species  on  immunoblot. 
CDK1  isolated  from  both  HN2-treated  and  Vpr-expressing  HeLa  cells  possessed 
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substantially  reduced  enzymatic  activity  towards  its  physiological  substrate  histone  HI. 
Poon  et  al.  also  demonstrated  that  methylxanthine  treatment  partially  reversed  the  G2 
block  caused  by  Vpr  expression  while  completely  reversing  the  HN2-mediated  arrest. 
Poon  et  al.  suggested  a  reasonable  resolution  for  the  inconsistency  between  their  findings 
and  those  of  the  earlier  Bartz  et  al.  study.  That  group  had  withheld  pentoxifylline 
treatment  for  90  hours  post-infection  while  cells  were  treated  within  12  hours  of  infection 
in  the  later  study.  Poon  et  al.  agreed  that,  in  cells  arrested  by  Vpr  for  more  than  three 
days,  the  arrest  was  not  reversible  by  methylxanthine  derivatives.  Because  Vpr’s  arrest 
function  is  an  early  post-infection  event,  the  Poon  et  al.  findings  are  probably  more 
applicable  (90,  94).  Subsequently,  in  both  Zhu  et  al.  and  Roshal  et  al.,  the  Planelles 
group  demonstrated  that  caffeine  also  partially  disrupted  Vpr’s  ability  to  induce  G?  arrest 
in  human  cells  (95,  96). 

In  Roshal  et  al.  and,  later,  Zimmerman  et  al.,  the  Planelles  laboratory  pursued 
further  characterization  of  the  DNA-associated  signaling  pathway(s)  potentially  involved 
in  Vpr’s  ability  to  induce  cell  cycle  arrest  (96,  97).  Roshal  et  al.  showed  that,  in  addition 
to  caffeine,  LY294002,  a  PI3K  and  PIKK  inhibitor,  partially  reversed  the  ability  of  a  vpr+ 
lentiviral  vector  to  delay  or  arrest  HeLa  cell  cycle  progression.  Approximately  65%  of 
vpr+  virus-infected  HeLa  cells  were  in  G2/M  at  36  hours  post-infection;  caffeine  or 
LY294002  treatment  reduced  this  percentage  and  increased  the  Gi  percentage  by  20- 
25%.  These  data,  along  with  those  of  Bartz  et  al.’s  demonstration  of  the  ATM- 
independence  of  Vpr’s  cell  cycle  effects,  led  to  the  hypothesis  that  Vpr  expression  results 
in  the  activation  of  ATR.  Neither  caffeine  nor  LY294002  completely  reversed  Vpr’s 
effects  as  treated  control  cells  infected  with  a  vpr  lentivirus  possessed  G2/M  populations 
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significantly  different  from  those  of  Vpr-expressing  cells:  caffeine-  and  LY294002- 
treated  control  G2/M  cells  represented  17.3%  and  25.5%  of  the  total  populations, 
respectively,  while  the  comparable  vpr+  populations  were  both  greater  than  40%  (96). 

Roshal  et  al.  first  tested  the  relationship  between  ATR  activation  and  Vpr’s  cell 
cycle  effects  through  the  inducible  expression  of  a  dominant-negative  ATR  (termed 
ATRkd  for  kinase-dead  ATR)  in  two  cell  lines,  U20S/ATRkd  and  GM847-ATRkd. 
These  investigators  used  the  lentiviral  expression  system  employed  in  the 
pharmacological  inhibitor  experiments  to  compare  the  cell  cycle  expression  profiles  of 
mock-infected;  control,  vpr  lentivims-infected;  and  vpr+  lentivirus-infected  cells  under 
ATRkd-induced  and  non-induced  conditions.  In  the  absence  of  ATRkd  induction,  the 
G2/M  population  of  control  virus-infected  U20S/ATRkd  cells  was,  indeed,  small 
compared  to  that  of  Vpr-expressing  cells,  4%  versus  47%;  and  upon  ATRkd  induction, 
this  difference  was  dramatically  reduced  to  14%  versus  21%.  In  a  separate  experiment, 
ATRkd  induction  was  also  demonstrated  to  suppress  Vpr’s  purported  ability  to 
transactivate  an  HIV  LTR-containing  promoter,  a  function  reported  to  correlate  with  its 
ability  to  induce  cell  cycle  arrest  (96). 

Beyond  a  simple  comparison  of  G2/M  population  percentages,  the  flow 
cytometric  histograms  from  the  ATRkd  cell  cycle  experiments  may  indicate  other 
important  differences  among  the  populations.  For  example,  defective  lentiviral  infection 
in  the  absence  of  Vpr  expression  appeared  to  cause  an  increased  percentage  of  cells  in  S- 
phase.  In  the  presence  of  ATRkd,  this  S-phase  percentage  was  virtually  equivalent  to  that 
seen  with  Vpr  expression,  but  the  distribution  patterns  of  the  S-phase  sub-populations 
were  different.  The  S-phase  Vpr-expressing  cells  conformed  to  a  bell-shaped  pattern  like 
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that  of  the  mock-infected,  ATRkd-induced  cells  while  the  comparable  vpr  control  vims 
population  appeared  to  possess  predominately  early  S-phase  cells.  The  histogram  pattern 
most  important  to  the  subject  of  this  thesis  was  that  of  the  G2/M  population  of  Vpr- 
expressing  cells  in  the  absence  of  ATRkd  induction.  This  pattern  covered  a  broad  range 
of  propidium  iodide  staining  intensities  suggestive  of  a  significant  percentage  of  cells 
with  greater  than  4N  DNA  content,  and  ATRkd  expression  appeared  to  correct  this 
abnormality. 

Roshal  et  al.  tested  the  effects  of  small,  interfering  RNA  (siRNA)  targeted  to 
either  ATR  or  Chkl  mRNA  on  Vpr-mediated  arrest.  A  70%  decrease  in  ATR  expression 
by  siRNA  knockdown  substantially  reduced  the  percentage  of  Vpr-expressing  cells  in 
G2/M  from  greater  than  60%  to  36%  and,  like  ATRkd,  prevented  the  broad-range 
propidium  iodide  staining  intensities  described  above.  Also  like  ATRkd  expression, 
ATR  siRNA  did  not  completely  reverse  Vpr’s  cell  cycle  effects  as  control  cells  in  G2/M 
represented  only  9%  of  the  total.  Unlike  ATRkd  expression,  ATR  siRNA  had  no  effect 
on  the  cell  cycle  distribution  profile  of  these  control,  vpr  virus-infected  cells;  the  large  S- 
phase  (-50%)  population  was  maintained  whether  ATR-specific,  irrelevant,  or  no  siRNA 
was  introduced  (96). 

Roshal  et  al.’s  remaining  experiments  centered  on  elucidating  the  effects  of  Vpr 
expression  on  an  important  ATR  substrate,  Chkl.  Their  Chkl  siRNA  reduced  its 
expression  by  90%  in  HeLa  cells.  The  associated  G2/M  percentage  reduction  in  Vpr- 
expressing  cells  was,  again,  approximately  20-25%— from  65-70%  to  45%.  The 
corresponding  mock- infected  G2/M  population  represented  12%  of  the  total,  and  no  vpr 
virus-infected  control  population  was  employed.  Vpr  expression  induced  Chkl  Ser345 
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phosphorylation  similar  to  that  occurring  after  ATR  activation,  and  caffeine  suppressed 
this  Chkl  phosphorylation  by  approximately  60%,  consistent  with  its  ability  to  inhibit 
ATR.  Also,  treatment  of  vpr+  lentivirus-infected  HeLa  cells  with  UCN-01,  a  non¬ 
specific  Chkl  inhibitor,  resulted  in  a  75%  to  40%  G2/M  cell  population  shift  (96). 

Zimmerman  et  al.  tested  Vpr  expression  effects  on  three  additional  known  ATR 
substrates—  Radl7,  BRCA1,  and  H2AX.  Radl7  is  thought  to  replace  Rfcl  in  the 
pentameric  replication  factor  C  “clamp  loader  complex”  to  form  a  complex  with 
analogous  function  in  DNA  damage  and  repair  signaling.  Available  data  suggest  that 
Rad9,  Radi,  and  Husl  form  a  “9-1-1  complex”  possessing  a  DNA  damage  response 
function  analogous  to  that  of  the  proliferating  cell  nuclear  antigen  (PCNA)  homotrimeric 
“sliding  clamp”  in  DNA  replication.  Zou  et  al.'s  data  suggest  that  ATR,  Radl7  and  the 
9-1-1  complex  co-local  i/e  in  a  checkpoint  activation  step,  and  both  Radl7  and  the  9-1-1 
complex  appear  essential  for  ATR-mediated  cell  cycle  arrest.  Radl7  is  probably  ATR’s 
first  target  during  checkpoint  signaling;  Husl,  while  not  a  direct  ATR  target,  seems 
necessary  for  ATR’s  ability  to  phosphorylate  Radl7  [(83),  reviewed  in  (74,  75,  84)]. 
ATR-mediated  cell  cycle  arrest  signaling  events  seem  to  require  Husl,  but  ATR- 
mediated  DNA  repair  signaling  processes  do  not  (85). 

Rogakou  et  al.  demonstrated  that  the  variant  X  form  of  histone  2A  becomes 
phosphorylated  in  response  to  DNA  DSBs  (86);  Burma  et  al.  and  Ward  et  al. 
subsequently  demonstrated  ATM-  and  ATR-mediated  H2AX  phosphorylation, 
respectively  (85,  87).  Phosphorylated  H2AX  accumulates  in  nuclear  foci  presumably  to 
recruit  components  of  DNA  damage  recognition,  signaling,  and  repair  complexes  (88). 
BRCA1  has  been  demonstrated  to  be  functionally  important  in  a  number  of  cellular 
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processes  including  centrosome  duplication,  cell  cycle  checkpoint  signaling,  DNA  repair, 
and  apoptosis  induction.  BRCA1  is  a  substrate  for  a  number  of  kinases,  including  ATR; 
therefore,  BRCA1  may  integrate  signals  from  a  number  of  cellular  pathways  to 
coordinate  cell  cycle  progression-related  processes.  Like  H2AX,  phosphorylated  BRCA1 
accumulates  in  a  characteristic  multifocal  staining  pattern  (88,  89). 

Using  the  same  vpr+  versus  vpr  lentivirus-infected  HeLa  cell  system  of  Roshal  et 
al.,  Zimmerman  el  al.  demonstrated  that  an  85%  reduction  of  Radl7  by  siRNA  resulted 
in  a  70%  to  40%  G2/M  cell  population  shift.  In  contrast  to  the  large  S-phase  populations 
of  Roshal  et  al.’s  experiments,  the  vpr  virus-infected  cells  in  these  experiments 
possessed  cell  cycle  distribution  profiles  virtually  identical  to  the  mock-infected  controls; 
in  the  presence  of  Radl7  siRNA,  the  G2/M  populations  of  both  were  slightly  less  than 
20%  of  the  total  populations.  Immunofluorescence  studies  demonstrated  that  Vpr 
expression  also  resulted  in  focal  intranuclear  deposition  of  both  BRCA1  and 
phosphorylated  H2AX  in  HeLa  cells,  and  this  localization  result  was  confirmed  for 
H2AX  in  CD4+  thymocytes  infected  with  a  full-length  experimental  viral  clone,  HIV- 
1nl4-3-  In  a  subsequent  study,  the  group  provided  data  suggestive  of  Vpr  expression- 
induced  BRCA1  phosphorylation,  presumably  the  result  of  ATR  activation  (97). 

Since  ATR’s  abilities  to  phosphorylate  Rad  17  and  to  trigger  cell  cycle  arrest 
require  Husl,  Zimmerman  et  al.  tested  the  requirement  for  Husl  in  Vpr- mediated  G2/M 
arrest  by  comparing  the  cell  cycle  effects  of  vpr+  lentiviral  infection  in  Husl'7'  p2 1 
mouse  embryonic  fibroblasts  (MEFs)  to  those  in  p2 1 _/"  MEFs.  Mock-infected  and  vpr 
virus-infected  controls  were  included  in  these  experiments.  The  presence  of  Husl  was 
associated  with  a  G2/M  arrest  in  vpr+  virus-infected  cells:  flow  cytometry  determined  that 
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greater  than  70%  of  these  were  in  G2/M,  and  the  histogram  provided  displayed  the  broad- 
range  propidium  iodide  staining  observed  in  similar  Roshal  et  al.  experiments.  The  cycle 
distribution  profile  of  Vpr-expressing  MEFs  in  the  absence  of  Husl  was  virtually 
identical  to  that  of  the  vpr  virus-infected  controls.  Husl  appeared  to  influence  the 
distribution  profile  of  this  control  population,  however:  its  G2/M  percentage  rose  from 
11%  to  30%  in  the  absence  of  Husl  with  a  corresponding  opposite  shift  in  S-phase 
percentage  (97). 

Vpr-mediated  G2/M  Cell  Cycle  Checkpoint  Activation  Models 

Poon  et  al.  generated  the  first  model  invoking  participation  of  a  DNA  damage 
signaling  pathway  in  Vpr-induced  G2/M  arrest  based  on  the  similarities  of  this  arrest  with 
that  induced  by  HN2  treatment.  Little  was  known  about  the  cellular  components  of  DNA 
damage -associated  checkpoint  pathways  at  that  time;  the  only  detail  that  Poon  et  al.  could 
add  to  the  model  was  the  possible  involvement  of  a  previously  demonstrated  Vpr-uracil 
DNA  glycosylase  (UNG)  association  in  the  arrest  mechanism  (94). 

Roshal  et  al.  speculated  that  Vpr-induced  nuclear  envelope  herniations  result  in 
chromatin  structural  changes  that  ultimately  cause  replication  arrest  and  ATR  activation. 
Cell  cycle  arrest  in  this  model  was  attributed  to  Chkl-mediated  inhibition  of  Cdc25C 
and/or  activation  of  Weel  with  subsequent  failure  to  activate  Cdkl/Cdc2  (96).  This 
model  incorporated  their  data  with  those  of  de  Noronha  et  al.  who  previously 
demonstrated  that  Vpr  over-expression  caused  formation  and  intermittent  rupture  of 
lamin- associated  nuclear  envelope  herniations,  de  Noronha  et  al.  had  suggested  that  the 
ruptured  herniations  might  result  in  interruption  of  DNA  replication  or  aberrant  sub- 
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cellular  compartmentalization  of  Weel  and  Cdc25C,  either  of  which  might  cause  cell 
cycle  arrest  (98). 

The  Roshal  et  al.  model  was  abandoned  in  the  Zimmerman  et  al.  discussion. 
Instead,  this  follow-up  focused  on  possible  molecular  mechanisms  of  Vpr-mediated  ATR 
activation  and  attempted  to  integrate  its  findings  with  a  model  recently  offered  by  the 
Emerman  group  in  which  Vpr-Cdc25C  direct  association  was  proposed  to  participate  in 
G2  arrest  induction  (99).  Zimmerman  et  a/.’s  premise  was  that  the  actual  Vpr-mediated 
arrest  mechanism  should  be  or  mimic  one  evoked  by  ssDNA  or  processed  DSB  lesions, 
but  not  one  activated  by  unprocessed  DSBs.  Among  the  possible  mechanisms  identified 
were:  (1)  Vpr  might  possess  nuclease  activity  and  directly  generate  ATR- activating 
lesions,  (2)  Vpr  might  indirectly  cause  such  lesions  via  interactions  with  an  endogenous 
nuclease  or  cellular  component,  e.g.  chromatin,  capable  of  disrupting  replication  fork 
progression,  or  (3)  Vpr-DNA  interactions  might  cause  or  mimic  DNA  lesions  or  stalled 
replication  forks.  The  potential  for  direct  Vpr-ATR  interactions  was  also  suggested; 
however,  the  group  was  unable  to  demonstrate  a  Vpr-ATR  physical  association  (97).  The 
reasons  for  consolidating  their  model  with  that  of  Goh  et  al.  was  not  well  developed;  and 
neither  of  the  integration  options  offered  were  intellectually  appealing.  These 
suggestions  that  Vpr’s  cell  cycle  effects  occur  by  multiple  mechanisms  or  that  signals 
from  downstream  checkpoint  pathway  components  such  as  Cdc25C  may  be  transmitted 
to  DNA  damage  recognition  pathway  components  by  as-yet  unappreciated  means  (97). 
More  likely  is  the  option  that  either  or  both  models  are  incorrect. 
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Discussion  of  Data  and  Models 

Among  the  data  cited  as  evidence  of  G2/M  cell  cycle  checkpoint  activation  as  a 
mechanism  for  Vpr-mediated  arrest  are  those  demonstrating  that  methylxanthine 
derivatives  partially  relieved  Vpr-mediated  cell  cycle  arrest  in  mammalian  cells  (94,  96). 
Since  loss  of  functional  ATM  had  no  effect  on  Vpr-mediated  arrest  (90,  97),  these 
findings  suggest  that  a  signal  emanating  from  ATR  may  be  responsible  for  Vpr’s  cell 
cycle  effects.  However,  the  scope  of  cellular  enzymes  affected  by  methylxanthine 
derivatives  is  not  limited  to  ATR  and  ATM;  and  cellular  effects  of  methylxanthine  - 
mediated  ATR  and  ATM  inhibition  appear  to  be  more  a  product  of  recombinational  DNA 
repair,  rather  than  cell  cycle  checkpoint,  inhibition.  Also,  while  effects  of 
methylxanthine  derivatives  on  the  newly  identified  p3  8/Sty  1  checkpoint  pathway  have 
not  been  described,  the  possibility  of  such  effects  cannot  be  disregarded. 

More  importantly,  the  fission  yeast  methylxanthine  treatment  results  directly 
challenge  the  ATR  activation  model  for  Vpr-induced  arrest.  The  methylxanthine  - 
mediated  suppression  of  Vpr’s  effects  was  distinctly  more  profound  in  S.  pombe  than  in 
human  cells:  pentoxifylline  totally  reversed  Vpr’s  ability  to  induce  cell  cycle  arrest,  as 
well  as  the  morphological  defects  and  cytotoxicity  caused  by  Vpr  expression,  in  fission 
yeast  (68,  93).  However,  loss  of  function  mutation  of  rad3,  the  only  identified  fission 
yeast  checkpoint  PIKK,  had  no  suppressive  effect  on  Vpr-mediated  arrest.  Neither  did 
loss  of  function  mutations  in  a  host  of  upstream  and  downstream  G2/M  checkpoint  genes 
to  include  rad  1 ,  rad9,  rad!7,  chkl,  and  cdsl,  as  well  as  a  chklcdsl  double  mutation  (91, 
92).  Vpr-mediated  arrest  in  fission  yeast  is  independent  of  G2/M  checkpoint  activation. 
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The  degree  of  methylxanthine-mediated  reversal  is  debatable.  Poon  et  al. 
speculated  that,  had  their  methods  allowed  for  transient,  rather  than  constitutive,  Vpr 
expression,  methylxanthine  reversal  of  Vpr-induced  arrest  might  have  been  equaled  that 
observed  on  HN2-mediated  arrest  (94).  Also,  Roshal  et  al.  interpreted  their  caffeine 
suppression  data  as  indicative  of  complete  reversal  Vpr-mediated  arrest  even  though  the 
cell  cycle  profiles  of  caffeine-treated  control  and  Vpr-expressing  cell  populations  were 
substantially  different  (96).  Even  if  complete  methylxanthine  treatment  were  to 
completely  suppress  Vpr’s  effects  in  human  cells,  the  likelihood  that  this  suppression 
would  occur  by  an  entirely  different  mechanism  than  that  occurring  in  fission  yeast  is 
remote.  However,  Roshal  et  al.  argued  that  different  mechanisms  of  action  with  identical 
outcomes  are,  indeed,  responsible:  fundamental  functional  differences  between  Rad3  and 
ATR  may  explain  the  discrepancies  between  the  two  experimental  systems.  For  example, 
ATR  has  a  more  extensive  role  than  Rad3  in  genome  surveillance,  functioning  as  a 
crucial  sensor  of  incomplete  DNA  replication  in  the  absence  of  exogenous  genotoxins 
while  Rad3  has  no  such  role.  The  Roshal  et  al.  argument  followed  that  Vpr  utilizes  an 
alternate  pathway  to  arrest  the  fission  yeast  cell  cycle  with  the  implication  that  this 
pathway  is  at  least  as  sensitive  to  methylxanthine  treatment  as  the  ATR  pathway  (96). 

Roshal  et  al.  also  used  their  interpretation  of  the  caffeine  suppression  data  to 
support  their  belief  that  the  residual  Vpr-induced  arrest  observed  after  siRNA-mediated 
ATR  and  Chkl  reduction  was  due  to  incomplete  protein  knockout  and  not  a  second 
pathway  of  action  (96).  Zhao  and  Elder  countered  that  the  ATR  activation  observed  in 
the  Planelles  laboratory’s  experiments  might  be  the  result  of  either  the  lentiviral  vector 
integration  process  or  the  activation  of  the  protein  phosphatase  2A  (PP2A)-dependent 
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pathway  actually  used  by  Vpr  to  arrest  of  the  cell  cycle  (100).  (The  Zhao  and  Elder 
model  (93,  100)  and  that  of  Masuda  et  al.  (91),  both  of  which  espouse  checkpoint- 
independent  mechanisms  will  be  discussed  in  the  next  section.  PP2A  is  a  central 
mediator  of  Vpr-induced  arrest  in  the  Zhao  and  Elder.)  All  suggestions  as  to  how  ATR 
was  activated  in  the  Planelles  laboratory’s  experiments  are  little  more  than  speculative. 
Zhao  and  Elder’s  suggestion  that  these  may  be  due  to  the  integration  process  of  the 
experimental  vectors  is  possible;  but  whether  or  not  retroviral  integration  consistently 
triggers  ATR  activation  is  an  unresolved  question,  and  the  majority  of  the  Planelles 
groups’  experiments  included  vpr  lentiviral  vector  controls  which  did  not  appear  to 
activate  ATR.  Interestingly,  however,  Nunnari  et  al.  have  provided  evidence  that 
caffeine’s  inhibitory  effect  on  HIV-1  replication  occurs  via  inhibition  of  proviral 
integration,  presumably  through  negative  effects  on  PIKK  activity  (101).  If  these  and  the 
Planelles  findings  are  both  accurate,  questions  arise  involving  possible  roles  for  Vpr  in 
proviral  integration. 

Zhao  and  Elder’s  suggestion  that  ATR  activation  may  have  resulted  through  a 
PP2A-mediated  process  is  also  possible,  but  no  PP2A  pathway  regulating  ATR  (or  Rad3) 
activation  has  yet  been  demonstrated.  The  Zimmerman  et  al.  list  of  molecular 
mechanisms  by  which  Vpr  might  activate  ATR  appears  all-inclusive  based  on  current 
models  of  DNA  damage  and  cell  cycle  checkpoint  signaling,  but  little  or  no  evidence 
demonstrating  that  any  of  these  is  relevant  to  Vpr-mediated  arrest  is  available  (97). 

While  the  data  of  both  Planelles  group  experiments  strongly  suggested  that  ATR 
was  activated  in  the  presence  of  ATR,  the  mechanism  for  and  biological  consequences  of 
this  activation  were  not  conclusively  settled.  Is  ATR  activation  totally  responsible  for 
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Vpr’s  ability  to  arrest  the  cell  cycle?  Probably  not;  no  experimental  manipulation  of 
ATR  expression  levels,  or  those  of  Chkl  or  Radl7  targets,  resulted  in  complete  ablation 
of  Vpr-mediated  arrest  (96,  97).  More  significantly,  this  interpretation  of  ATR’s  role 
ignores  a  wealth  of  data  generated  in  the  field  of  Vpr  research.  Is  ATR  activation 
partially  responsible  for  Vpr’s  ability  to  arrest  the  cell  cycle?  This  is  more  likely;  but 
available  data,  e.g.  those  from  methylxanthine  treatment  experiments,  currently  favor  an 
interpretation  that  the  mechanism  of  Vpr  arrest  in  S.  pombe  and  human  cells  is  similar. 
The  Planelles  laboratory’s  interpretation  precludes  such  similarity.  Until  the  molecular 
mechanism  of  ATR  activation  is  demonstrated,  the  most  likely  explanation  is  that  this 
activation  occurs  via  cross  talk  with  a  pathway  directly  affected  by  Vpr.  Does  ATR 
activation  play  a  part  in  maintaining,  if  not  initiating,  Vpr-mediated  arrest?  This  is  quite 
possible,  if  not  probable.  In  S.  pombe,  Vpr-mediated  proliferation  blocks  in  a  delta  chkl 
mutant  strain  were  eventually  overcome  (91),  suggestive  of  an  arrest  maintenance  role  for 
Rad3. 

Frequently  overlooked  is  the  Bartz  el  al.  demonstration  that  tetraploidy  occurs  in 
a  significant  percentage  of  cultured  T  cells  as  a  consequence  of  vpr+  HIV-1  infection 
(90).  Therefore,  G2/M  arrest  may  not  be  a  universal  cell  cycle  progression  response  to 
Vpr  expression.  Other  data  (discussed  later)  from  both  fission  yeast  and  human  cell 
systems  emphasize  the  potential  importance  of  the  ability  of  some  Vpr-expressing  cells  to 
re-replicate  their  genomes  with  and/or  without  entering  mitosis.  ATR  activation  might 
influence  DNA  re-replication  in  Vpr-expressing  cells:  ATR  inhibition  by  ATRkd 
expression  or  siRNA  appeared  to  reverse  Vpr-mediated  hyper-ploidy  (96,  Figure  3A  and 
Figure  4B)  as  did  siRNA-mediated  inhibition  of  its  target,  Radl7  (97,  Figure  IB).  Since 
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inhibition  of  Chkl  by  siRNA  reduced  Vpr-mediated  cell  cycle  arrest  without  seeming  to 
affect  hyper-ploidy  (96,  Figure  7B),  Vpr’s  aberrant  DNA  re-replication  effects  appear  to 
result  from  an  ATR-dependent  process  that  is  independent  of  ATR’s  cell  cycle 
checkpoint  functions. 

Vpr  Effects  in  S.  pombe :  PP2A-  and  Weel-dependent  Cell  Cycle  Arrest 

Summary  of  Relevant  Data 

Zhao  et  al.  were  first  to  establish  the  utility  of  S.  pombe  as  a  model  system  for 
studying  the  cellular  effects  of  Vpr.  By  expressing  vpr  from  a  thiamine-repressible 
promoter,  this  group  demonstrated  that  Vpr  induced  changes  in  fission  yeast  similar  to 
those  previously  observed  in  mammalian  cells.  Arrested  or  delayed  cell  cycle 
progression,  correlating  with  Cdc2/Cdkl  inhibition,  was  among  these  similarities  (102). 
Zhang  et  al.  subsequently  published  additional  data  on  fission  yeast  cell  cycle  defects 
resulting  from  vpr  expression,  confirming  many  of  Zhao  et  al.'s  findings  (103).  Both 
groups  demonstrated  that  Vpr  expression  induced  morphological  abnormalities  within 
fission  yeast  cells,  both  provided  flow  cytometric  data  demonstrating  Vpr’s  ability  to 
arrest  the  fission  yeast  cell  cycle,  and  the  flow  cytometric  data  of  both  showed  that  sub¬ 
populations  of  Vpr-expressing  cells  over-replicate  DNA  in  the  absence  of  cell  division. 
The  results  of  both  studies  also  suggested  that  Vpr  expression  caused  Cdc2  inactivity: 
Zhao  et  al.  demonstrated  by  immunoblot  that  Vpr  expression  led  to  a  decrease  in  the 
presence  of  the  active,  hypophosphorylated  form  of  Cdc2;  and  Zhang  et  al.'s  biochemical 
histone  HI  kinase  assays  demonstrated  Vpr-mediated  suppression  of  Cdc2  enzymatic 
activity.  One  significant  difference  in  the  results  of  these  early  Vpr-fission  yeast  studies 
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was  the  cell  cycle  stage(s)  at  which  Vpr  induced  arrest.  Zhao  et  al.  concluded  that  Vpr 
arrested  fission  yeast  at  G2,  but  the  data  of  Zhang  et  al.  suggested  Gi  and  G2  arrest  as  well 
as  an  impaired  ability  of  Vpr-expressing  cells  to  transit  S  phase.  The  latter  group  offered 
the  plausible  explanation  that,  since  Cdc2  regulates  initiation  of  DNA  synthesis  as  well  as 
mitotic  entry  in  fission  yeast,  cell  cycle  delays  at  multiple  stages  should  be  expected. 
Neither  group,  however,  explained  the  cell  sub-populations  possessing  DNA  content 
greater  than  that  expected  for  cells  arrested  in  G2  (102,  103). 

Masuda  et  al.  later  identified  S.  pombe  cellular  factors  that  mediate  Vpr’s  cell 
cycle  effects  by  comparing  these  effects  in  wild-type  fission  yeast  to  those  in  strains  with 
mitotic  entry  defects.  Vpr  expression  induced  a  cdc  phenotype  typical  of  G2-arrested 
fission  yeast  in  the  wild-type  and  eight  of  13  mutated  strains  and  arrested  proliferation  in 
all  14  strains  tested.  The  strains  in  which  the  Vpr-induced  cdc  phenotype  was  suppressed 
included  delta ppa2,  dcltarac/24,  and  three  strains  with  compromised  Weel  function 
(< cdc2-lw ,  weel-50  grown  at  the  non-permissive  temperature,  and  deltaweei).  These  data 
demonstrated  Vpr  interactions  with  ppa2,  rad24,  and  weel,  encoding  the  major  fission 
yeast  protein  phosphatase  2A  (PP2A)  catalytic  subunit,  one  of  two  S.  pombe  14-3-3 
protein  homologues,  and  the  Weel  tyrosine  kinase,  respectively.  In  addition  to  the  cell 
cycle  checkpoint-associated  proteins  discussed  in  the  previous  section,  cell  cycle 
regulators  with  no  demonstrable  role  in  Vpr-induced  cell  cycle  effects  in  this  study  were: 
Cdc25;  Niml,  an  upstream  regulator  of  Weel;  Mikl,  a  Weel-like  Cdc2-inhibiting 
kinase;  and  Ppal,  the  second  fission  yeast  PP2A  catalytic  subunit.  While  not  mentioned 
by  the  authors,  the  proliferation  of  the  cdc2-3w  strain  appeared  to  return  to  near-control 
levels  at  late  experimental  time  points  (>60  hours  post-vpr  induction).  Since  cdc2-3w  is 
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partially  Cdc25-independent,  attributable  to  either  Cdc25-independent  Tyr15 
dephosphorylation  or  to  its  retention  of  some  kinase  activity  in  the  face  of  wild-type  Tyr15 
phosphorylation  levels,  the  proliferation  data  may  suggest  a  role  for  Cdc25  in 
maintaining,  but  not  establishing,  the  Vpr- mediated  arrest  (91). 

A  potentially  important  Masuda  et  al.  observation  was  that  cell  proliferation  was 
similarly  inhibited  whether  or  not  the  cdc  phenotype  was  suppressed.  These  investigators 
reasonably  expected  that,  along  with  "abrogation"  of  G2  arrest  in  the  Weel-,  Rad24-,  and 
Ppa2-deficient  strains,  there  should  be  an  associated  increase  in  cell  proliferation  to  that 
of  wild  type  levels.  From  starting  concentrations  of  105  cells/ml,  proliferation  ceased  at 
cell  densities  of  <107/ml  by  15-20  hours  post-ypr  induction  in  all  14  strains  tested,  while 
control  cells  entered  stationary  phase  15-20  hours  later  at  >108  cells/ml  (91). 

In  two  subsequent  S.  pombe  studies,  Elder  et  al.  confirmed  and  expanded  upon 
most  of  the  Masuda  et  al.  findings.  In  the  first  of  these,  in  addition  to  the  checkpoint 
protein  findings  discussed  previously,  Elder  et  al.  tested  the  importance  of  Cdc2  Tyr15 
phosphorylation  and  the  relative  contributions  of  Weel  and  Cdc25  to  this  arrest.  Vpr 
expression  had  no  effect  on  the  cell  cycle  distribution  profile  of  the  PR714  S.  pombe 
strain  in  which  Cdc2  is  constitutively  active  as  the  result  of  a  Tyr15  to  Phe15  mutation. 
This  observation  strongly  suggested  a  requirement  for  Tyr15  in  Vpr-mediated  arrest 
induction.  The  percentages  of  cells  that  shifted  from  Gi  to  G2  upon  Vpr  expression  in 
cdc2-lw  and  cdc2-3w  supported  this  conclusion  and  the  hypothesis  that  both  Weel  and 
Cdc25  mediate  Vpr-induced  cell  cycle  arrest.  In  wild-type  fission  yeast,  a  dramatic 
(>80%)  shift  of  Gi  cells  to  G2  resulted  by  40  hours  post-induction  of  vpr  expression;  this 
shift  was  significantly  smaller  in  cdc2-lw  (-40%)  and  in  cdc2-3w  (-55%),  indicating  an 
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ability  of  both  mutations  to  partially  suppress  the  Vpr-associated  arrest  (92).  Contrary  to 
Masuda  et  aids  findings,  these  cdc2-3w  strain  data  suggested  that  Cdc25  might  play  a 
role  in  Vpr’s  effects  on  the  fission  yeast  cell  cycle. 

In  their  second  study,  Elder  et  al.  attempted  to  further  delineate  the  requirements 
for  S.  pombe  Weel  and  Cdc25  in  Vpr- mediated  G2  arrest.  The  Vpr  expression-associated 
Gi  to  G2  cell  cycle  shift  in  the  wild-type  strain  was  reduced  by  66  +/-  15%  in  a  delta  weel 
strain,  supporting  a  major  role  for  Weel.  This  suppression  was  reported  to  be  slightly 
higher  in  a  wee  1-50  deltacJc25  strain  (83  +/-  12%)  grown  at  the  non-permissive 
temperature,  a  finding  used  to  support  the  contention  that  Cdc25  contributes  to  Vpr’s  cell 
cycle  effects  in  fission  yeast.  These  data  are  inconclusive,  however,  as  the  statistical 
confidence  intervals  are  widely  overlapping.  Data  from  an  indirect  in  vivo  enzymatic 
assay  provided  some  evidence  of  a  role  for  S.  pombe  Cdc25  as  Vpr  expression  resulted  in 
Cdc25  phosphatase  inhibition.  However,  genetic  data  presented,  but  not  discussed,  in 
this  second  paper  directly  challenged  Cdc25  involvement:  Vpr  was  shown  to  be  fully 
capable  of  inducing  cell  cycle  arrest  in  their  double  mutant  cdc2-3w,  delta cdc25  strain 
(93,  Figure  3A).  The  authors  concluded  that  Vpr  both  positively  regulates  Weel  and 
negatively  regulates  Cdc25  to  effect  G2/M  arrest  in  fission  yeast,  with  Weel  activation 
playing  the  major  role  (93).  The  preponderance  of  evidence,  however,  suggests  that 
Cdc25  is  not  involved  in  Vpr-mediated  arrest  initiation,  but  may  be  involved  in  its 
maintenance. 

Elder  et  al.  expressed  Vpr  in  three  additional  S.  pombe  mutant  strains:  pabl,  dis2, 
and  sds21.  Vpr-induced  cell  cycle  arrest  in  the  latter  two,  each  lacking  a  different  PP1 
subunit,  was  reported  to  be  indistinguishable  from  that  in  wild-type  fission  yeast, 


35 


suggesting  that  PP1,  a  family  of  okadaic  acid- sensitive  phosphatases,  does  not  mediate 
Vpr- induced  arrest.  In  pabl,  however,  deficient  in  the  fission  yeast  PP2A  regulatory  B 
subunit,  the  Vpr-induced  Gi  to  G2  shift  was  reduced  to  an  even  greater  extent  than  that  in 
ppa2,  and  the  cdc  phenotype  suppression  previously  demonstrated  in  the  ppa2  strain  was 
similarly  observed  in  the  Vpr-expressing  pabl  strain.  This  suggested  involvement  of  not 
only  the  major  S.  pombe  PP2A  catalytic  subunit,  but  also  at  least  one  of  its  regulatory 
subunits.  Elder  et  al.  further  pursued  the  effects  of  Vpr  expression  on  Ppa2,  providing 
Western  Blot  data  to  suggest  that  Vpr  up-regulates  Ppa2  expression  levels  (93). 

Other  findings  reported  in  the  second  Elder  et  al.  study  included  identification  of 
a  multi-copy  enhancer  and  a  multi-copy  suppressor  of  Vpr  F34I-induced  cell  cycle  arrest. 
These  screens  employed  a  fission  yeast  strain  with  a  single-copy,  chromosome- 
integrated,  inducible  gene  encoding  a  Vpr  with  a  single  amino  acid  alteration,  F34I.  The 
mutated  gene  product  retained  wild-type  Vpr  cell  cycle  arrest  function  but  was  less  toxic 
than  the  wild-type  protein.  This  method  allowed  the  investigators  to  limit  Vpr  expression 
levels  and  to  focus  more  specifically  on  cellular  mediators  of  the  arrest  function.  Elder  et 
al.  noted  that  over-expression  of  Rad25,  an  S.  pombe  14-3-3  protein  homologue, 
enhanced  Vpr  F34I-induced  G2  arrest  while  over-expression  of  Wos2,  the  fission 
orthologue  of  the  human  p23  co-chaperone,  suppressed  Vpr  F34I-induced  G2  arrest.  The 
Rad25  finding  was  used  as  evidence  of  Cdc25  involvement  as  14-3-3  proteins  have  been 
demonstrated  to  bind  and  inhibit  Cdc25.  This  argument  is  not  convincing,  however,  as 
the  scope  of  14-3-3  binding  partners  is  broad  and  includes  Weel,  which,  as  mentioned  in 
the  cell  cycle  regulation  overview,  is  positively  regulated  by  14-3-3  binding. 
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In  subsequent  publications,  this  group  and  its  collaborators  provided  data  that  also 
identified  certain  S.  pombe  heat  shock  proteins  (Hsps),  Hsp70  and  two  small  Hsps,  as 
multi-copy  suppressors  of  Vpr  F34I's  ability  to  effect  cell  cycle  arrest  (93).  Additionally, 
Zhao  and  Elder  reported  that  over-expression  of  Suml,  originally  observed  to  suppress 
the  uncontrolled  mitosis  phenotype  of  the  cdc2-3w  strain,  enhanced  Vpr-induced  arrest  in 
S.  pombe ,  but  the  source  of  the  primary  data  demonstrating  Suml  enhancement  is 
obscure  (100). 

Models  of  Vpr-induced  Cell  Cycle  Arrest  in  S.  pombe 

Of  the  three  Vpr-interacting  genes  identified  by  Masuda  et  al.,  only  the  wee  1 
product  is  a  direct  Cdc2  regulator;  therefore,  Weel  was  the  central  Vpr  target  in  this 
group’s  model.  Based  on  their  cdc  phenotype  suppression  data  and  findings  of  previous 
studies,  Vpr-Weel  direct  interaction  and  Vpr-mediated  Niml  inhibition  were  ruled  out  as 
mechanisms  causing  the  inferred  Weel  activation.  This  group  instead  speculated  that 
Vpr  might  exert  its  effects  on  Weel  by  inhibiting  a  second  Weel  negative  regulatory 
kinase,  Cdr2,  or  by  inhibiting  Weel  proteolysis  and  suggested  that  Vpr  may  target  Weel 
through  interactions  with  multiple  pathways.  Specifically,  Vpr  might  positively  influence 
Weel  by  modulating  a  PP2A  regulatory  pathway  and  a  second,  separate  Rad24- 
dependent  pathway.  To  support  this  interpretation  of  available  data,  their  discussion 
emphasized  previous  findings  demonstrating:  (1)  positive  regulation  of  Weel  by  PP2A; 
(2)  sensitivity  of  Vpr-mediated  arrest  in  mammalian  cells  to  okadaic  acid,  a  potent  PP2A 
inhibitor;  and  (3)  a  G2/M  cell  cycle  checkpoint  pathway  link  between  Rad24  and  Weel. 
Masuda  et  al.  suggested  that  Vpr  might  exploit  downstream  components  of  this 
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checkpoint  pathway  to  cause  a  Wee  1 -mediated  G2/M  arrest  without  actually  activating 
the  checkpoint,  and  since  PP2A  had  not  been  directly  linked  to  this  pathway,  this  group’s 
model  proposed  Vpr-mediated  Weel  activation  or  stabilization  through  multiple 
mechanisms  (91). 

PP2A  and  its  effects  on  multiple  downstream  targets  were  at  the  center  of  the 
Elder  et  al.  model  for  Vpr-induced  arrest.  Because  of  the  demonstrated  role  for  pabl  in 
this  arrest  and  the  broad  range  of  B  subunit  family  members  in  mammalian  cells, 
potentially  selective  alterations  in  PP2A  activities,  based  on  B  subunit  substrate 
specificity,  were  suggested  in  this  model.  Vpr’s  effects  on  PP2A  were  speculated  to 
occur  through  association  with  either  (a)  PP2A  subunit(s)  or  a  mediator  of  PP2A 
activation.  The  model  also  favored  an  important  role  for  Vpr-induced  PP2A  catalytic 
subunit  up-regulation  in  the  cell  cycle  arrest-induction  process. 

Both  Weel  and  Cdc25  were  designated  as  important  Vpr  mediators:  the  model 
proposed  that  Vpr’s  positive  influence  on  PP2A  activity  resulted  in  positive  regulation  of 
Weel  and  negative  regulation  of  Cdc25.  Elder  et  al.  invoked  the  activity  of  PP2A- 
moderated  dephosphorylation  cascades  upstream  of  both  Cdc25  and  Weel  in  linking  Vpr 
with  Weel  and  Cdc25.  Kinoshita  et  al.  had  previously  demonstrated  that  S.  pombe  cdc25 
and  weel  interact  genetically  with  ppa2  (186).  Like  Cdkl,  its  regulators  Weel  and 
Cdc25  are  regulated  by  activating  and  inactivating  phosphorylation  and 
dephosphorylation.  While  the  pathways  have  not  been  totally  defined,  a  substantial 
amount  of  evidence  indicates  that  PP2A  functions  in  pathways  that  stabilize  Weel  and 
inactivate  Cdc25  from  S  phase  until  mitotic  onset  (186-191). 
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Elder  et  al.  additionally  included  participation  of  Rad25,  one  role  of  which  is  to 
negatively  regulate  Cdc25,  and  Wos2,  the  over-expression  of  which  inhibits  Weel.  In  a 
recent  review;  Zhao  and  Elder  added  Suml  to  their  model  as  a  proposed  Cdc25  inhibitor 
and  speculated  that  the  PP2A-mediated  mechanism  by  which  Vpr  arrests  the  cell  cycle 
might  also  cause  ATR  activation  in  human  cells  (93,  100). 

Discussion  of  Data  and  Models 

Arguments  that  inherent  differences  between  S.  pombe  and  mammalian  cell  DNA 
damage  responses  and  cell  cycle  progression  regulation  limit  the  ability  to  generalize 
fission  yeast  experimental  findings  to  the  HIV-1  natural  infection  situation  are  difficult  to 
counter.  However,  the  similarities  between  the  experimental  effects  of  vpr  expression  in 
mammalian  and  fission  yeast  cells  suggest  that  their  differences  may  not  be  particularly 
relevant.  Since  the  human  homologues  of  the  identified  S.  pombe  mediators  have  not 
been  ruled  out  as  participants  in  G2  arrest  of  HIV-infected  cells,  the  fission  yeast  findings 
warrant  extensive  consideration. 

The  data  supporting  roles  for  PP2A,  Weel,  and  14-3-3  protein  homologues  in 
Vpr’s  arrest  of  the  S.  pombe  and/or  mammalian  cell  cycle  are  clear  (91-93,  102,  105, 
106).  The  genetic  experiments  of  Masuda  et  al.  and  Elder  et  al.  firmly  establish  roles  for 
both  the  major  PP2A  catalytic  and  regulatory  B  subunits  of  fission  yeast.  While  the  role 
of  PP2A  has  not  been  extensively  examined  in  mammalian  systems,  early  experiments 
demonstrating  an  okadaic  acid- mediated  reversal  of  Vpr’s  cell  cycle  effects  suggest  that 
the  same  may  be  true  in  human  cell  culture.  In  the  experiments  of  Re  et  al. ,  okadaic  acid 
treatment  allowed  rapid  mitotic  entry  of  both  aphidicolin-treated  and  Vpr-expressing 
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HeLa  cells.  The  authors  implied  that  the  mechanism  by  which  this  occurred  involved 
dephosphorylation  of  inhibitory  Cdkl  residues  mediated  by  (an)  okadaic  acid- sensitive 
phosphatase  (PP1  and/or  PP2A)  pathway(s).  This,  however,  was  not  demonstrated  (4). 
Data  from  subsequent  Vpr  cell  cycle  studies  suggest  that  a  more  likely  explanation: 
okadaic  acid,  specifically  affecting  PP2A  function,  prevented  phosphorylation  of  Cdkl 
residues  by  Weel. 

In  addition  to  the  fission  yeast  Weel  evidence,  Yuan  et  al.  recently  proposed  that 
delayed  Weel  proteolysis  may  contribute  to  Vpr’s  arrest  of  the  human  cell  cycle.  Using 
a  Xenopus  egg  extract  system,  Michael  and  Newport  had  previously  demonstrated  a 
requirement  for  Weel  proteolysis  for  mitotic  entry  of  cells  with  replicated  genomes,  and 
prevention  of  Weel  degradation  was  identified  as  a  mechanism  for  preventing  mitotic 
entry  prior  to  completion  of  essential  S  phase  events  (192).  Yuan  et  al.  provided 
evidence  that  Weel  stabilization  is  essential  for  Vpr-mediated  mammalian  cell  cycle 
arrest.  Vpr  expression  doubled  Weel  protein  half-life  in  Gi/S-synchronized  HeLa  cells 
while  simultaneously  reducing  Cdkl  activity,  and  siRNA  targeted  to  Weel  mRNA 
blocked  Vpr’s  ability  to  arrest  cell  cycle  progression  (66,  104). 

In  addition  to  the  fission  yeast  evidence,  data  from  mammalian  cell  experiments 
discussed  in  the  next  section  strongly  support  a  role  for  14-3-3  proteins  in  Vpr’s  cell 
cycle  effects  (91,  93,  105,  106).  Additionally,  the  recent  finding  in  mammalian  cells  that 
PP2A  and  PP1  may  function  as  important  global  regulators  of  14-3-3  interactions  (107) 
may  lead  to  simplification  of  the  Masuda  et  al.  model.  Instead  of  requiring  separate 
Rad24-  and  PP2A-associated  pathways  for  modulating  Weel  activity,  their  model  may  be 
explainable  by  Vpr’s  ability  to  disrupt  a  single  pathway.  Mediation  of  Vpr’s  effects  by 
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human  14-3-3  proteins  will  be  discussed  in  the  next  section  along  with  the  proposed  roles 
of  Cdc25  homologues.  As  mentioned  above  and  contrary  to  the  Zhao  and  Elder  model, 
the  preponderance  of  data  currently  suggests  that  Cdc25  is  not  an  important  component 
of  Vpr-mediated  arrest  in  fission  yeast. 

The  over-expressed  proteins  identified  as  either  Vpr  F34I-induced  arrest 
enhancers  or  suppressors  in  fission  yeast  are  intriguing  and  may  offer  insight  into 
mechanisms  regulating  this  arrest  in  HIV-infected  cells.  One  enhancer,  Suml,  is 
essential  for  translation  initiation  and  normal  proliferation.  This  protein,  highly  similar  to 
human  transforming  growth  factor  (TGF)-beta-receptor  interacting  protein  1  (TRIP1)  and 
a  eukaryotic  translation  initiation  factor  3  (eIF3)  subunit,  interacts  with  the  40S  ribosome, 
apparently  functioning  as  a  fission  yeast  eIF3  component.  Experimental  data  suggest  that 
Suml  associates  with  the  26S  proteasome  in  response  to  heat  shock,  indicating  that  Suml 
may  functionally  connect  translation  initiation  with  protein  degradation  and  the  cellular 
stress  response  (108). 

In  the  context  of  Vpr-mediated  cell  cycle  arrest,  the  most  interesting  Suml 
function  may  be  its  demonstrated  interaction  with  the  cellular  stress  response  (108,  109). 
This  response  is  an  endogenous  defense  system  triggered  by  exposure  to  any  of  a  number 
of  environmental  stresses  to  promote  cellular  survival  and  to  maintain  or  restore  cellular 
homeostasis.  Eukaryotic  stress  responses  are  generally  products  of:  (1)  rapid  heat  shock 
transcription  factor  (HSF)  activation  followed  by  HSF-mediated  HSP  expression 
induction  and  (2)  mitogen-/stress-associated  protein  kinase  (MAPK/SAPK)  cascade 
activation.  Each  of  the  two  stress  response  mechanisms  regulate  activities  of  the  other, 
and  both  control  cell  cycle  progression,  especially  the  G2/M  transition,  in  response  to 
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certain  stresses  [(110),  reviewed  in  (111-115)].  Both  Suml  over-expression  and  SAPK 
pathway  inactivation  reverse  the  uncontrolled  mitosis  phenotype  of  cdc2-3w  and  inhibit 
osmotic  stress-induced  mitotic  entry.  Suml  has  also  been  demonstrated  to  interact  with 
the  fission  yeast  Styl  SAPK  pathway  in  regulating  the  G2/M  transitional  response  to 
environmental  stress  (109).  These  findings  prompt  speculation  on  possible  Vpr 
interactions  with  eukaryotic  SAPK  pathways.  The  existence  of  such  interactions  might 
help  unify  the  disparate  models  for  Vpr-mediated  cell  cycle  arrest,  particularly  in  light  of 
recent  reports  identifying  SAPK  activation-dependent  CT/M  cell  cycle  checkpoints  in 
both  mammalian  and  fission  yeast  cells. 

The  identification  of  small  Hsps  as  multi-copy  suppressors  of  Vpr  F34I-induced 
arrest  also  entices  speculation  on  Vpr-mediated  modulation  of  cellular  stress  responses. 
The  major  human  small  Hsp,  HSP27,  represents  an  important  point  of  intersection  for  the 
two  eukaryotic  stress  response  mechanisms,  i.e.  HSF-mediated  HSP  expression  induction 
and  SAPK  cascade  activation.  While  HSP27  expression  up-regulation  requires  HSF 
activation,  functional  activation  of  HSP27  requires  MK2-catalyzed  phosphorylation,  and, 
therefore,  p38  pathway  activation  (116,  117).  That  HSP27  dephosphorylation  is  effected 
primarily,  if  not  solely,  by  PP2A  is  another  finding  potentially  relevant  to  the 
mechanism(s)  of  Vpr-mediated  activities  (118)  as  is  the  demonstration  that  HSF1  is 
negatively  regulated  by  14-3-3  protein-mediated  cytoplasmic  sequestration  (119). 

Increasing  evidence  suggests  that  small  Hsps  modulate  a  number  of  Vpr  activities 
in  yeast  and  human  cells.  Gu  et  al.  were  first  to  examine  interactions  between  Vpr  and 
small  Hsps  (120).  This  group  determined  that  dysregulation  of  the  actin  cytoskeleton  was 
responsible  for  the  Vpr  expression-induced  morphological  defects  in  Saccharomyces 
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cerevisiae  ( S .  cerevisiae)  previously  reported  by  Macreadie  et  al.  (121)  and  demonstrated 
that  over-expression  of  a  budding  yeast  small  Hsp,  Hsp42p,  reversed  these  defects  (120). 
Recently,  the  Zhao  laboratory  and  its  collaborators  demonstrated  that  over-expression  of 
a  fission  yeast  small  Hsp,  Hsp  16,  reversed  multiple  biological  effects  of  Vpr.  In  addition 
to  counteracting  the  VprF34I-induced  cdc  phenotype  and  proliferation  defects,  the  gene 
encoding  Hsp  16  also  functioned  as  a  multi-copy  suppressor  of  Vpr’s  cytotoxicity  and  of 
its  ability  to  local  i/e  to  the  nuclear  membrane.  Subcellular  co-localization  and  co- 
immunoprecipitation  of  epitope-tagged  Vpr  and  Hsp  16  from  transformed  fission  yeast 
cells  led  the  authors  to  prefer  an  interpretation  that,  when  Hsp  16  is  present  in  sufficient 
quantities,  Hsp  16- Vpr  physical  interactions  block  Vpr  activities,  possibly  by  preventing 
Vpr  interactions  with  other  cellular  proteins.  The  data  did  not,  however,  rule  out  the 
possibility  that  Hspl6  over-expression  prevents  an  early  post-infection,  Vpr-dependent 
process  required  for  multiple  Vpr  biological  activities.  Heterologous  expression  of  hsp  16 
resulted  in  suppression  of  Vpr  activities  in  multiple  human  cell  lines,  including  two  CD4+ 
lines  in  which  HIV-1  replication  was  simultaneously  suppressed  (122).  Bukrinsky  and 
Zhao  subsequently  tested  the  hypothesis  that  HSP27  also  inhibits  Vpr  biological  activities 
and  HIV-1  replication  and  provided  preliminary  data  indicating  that  induction  of  HSP27 
expression  resulted  in  the  restoration  of  a  normal  cell  cycle  distribution  profile  to  HIV-1- 
infected  cells  (123). 

wos2  (wee  1-50  over-expression  suppressor  2)  was  the  first  reported  multi-copy 
suppressor  of  Vpr  F34I-induced  G2  arrest  in  S.  pombe  (93).  Munoz  et  al.  had  previously 
described  Wos2  as  being  approximately  30%  identical  and  orthologous  to  human  p23,  a 
co-chaperone  component  of  HSP90  complexes.  This  group  demonstrated  that  wos2 


43 


functionally  interacts  with  both  weel  and  cdc2  in  mitotic  entry  regulation  and  provided 
data  to  suggest  that  Wos2  affects  Cdc2’s  mitotic  entry  function  in  both  Weel -dependent 
and  -independent  fashions.  Wos2  expression  patterns  suggested  a  proliferation- 
associated  function:  in  cycling  yeast  cells,  Wos2  protein  levels  were  persistently  high,  but 
these  dramatically  decreased  as  cultures  exited  the  growth  phase.  This  function  was  not, 
however,  essential  under  normal  growth  conditions  as  wos2  deletion  resulted  in  no 
significant  negative  effects  on  cellular  viability  and  proliferation  under  such  conditions, 
but  wos2  was  characterized  as  a  stress  response  gene  as  Wos2-deficient  yeast  were 
sensitive  to  hyperthermia  (124,  125). 

Mammalian  co-chaperones  like  p23  are  among  the  components  of  functional 
HSP90  complexes  that  have  been  implicated  in  regulating  more  than  100  client  proteins. 
These  include  a  number  of  essential  transcription  factors  and  signaling  molecules,  many 
of  which  may  play  roles  in  HIV-1  pathogenesis  [(126),  reviewed  in  (111-114)].  Swol, 
the  fission  yeast  Hsp90  chaperone,  is  essential  for  Weel,  Mikl,  and  Cdc2  function. 
Swol  is  required  for  Weel  and  Mikl  stabilization;  in  the  absence  of  Swol,  Mikl  and 
Weel  are  hyper- susceptible  to  proteasome-mediated  degradation.  Swol’s  effects  on 
Cdc2  functions  appear  to  be  that  of  mediating  Cdc2  protein-protein  interactions  necessary 
for  mitotic  progression  (127).  Munoz  and  Jimenez  also  demonstrated  that  wos2  over¬ 
expression  and  expression  of  swol-wl,  a  partial  loss  of  function  Swol  mutant,  increased 
Cdc2  activity  synergistically,  and  these  authors  hypothesized  that  Wos2  physically 
associates  with  the  Cdc2-Cdcl3  complex  to  alter  Cdc2  regulation  by  Hsp90  complexes 
(124,  125). 
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As  with  Suml  homologues,  no  evidence  has  yet  surfaced  to  suggest  a  role  for  p23 
in  Vpr-mediated  arrest  of  HIV- 1 -infected  cells.  While  Wos2  and  the  S.  cerevisiae  p23 
orthologue,  Sbal,  are  functionally  interchangeable,  human  p23  may  possess  a  different 
and/or  broader  scope  of  biological  functions.  In  this  regard,  p23  was  recently  identified 
as  the  cytosolic  prostaglandin  E2  synthase  (cPGES),  an  enzymatic  function  that  is 
probably  dependent  on  its  association  with  HSP90  (128).  If  p23  is  a  mediator  of  Vpr’s 
effects  in  human  cells,  alteration  of  a  multitude  of  HSP90  complex  regulatory  functions 
might  occur  as  the  result  of  Vpr  expression  during  HIV-1  infection,  including  altered 
prostaglandin  production. 

The  remaining  identified  suppressor  of  Vpr  F34I-mediated  cell  cycle  arrest  in  S. 
pombe,  Hsp70,  is  also  a  component  of  Hsp90  complexes  (123).  In  response  to  cellular 
stress,  human  HSP70  isoforms  promote  cellular  survival.  Innate  immune  response- 
related  roles  for  HSP70  have  also  been  demonstrated  (129-134).  A  number  of 
experimental  observations,  including  the  significant  HSP70  incorporation  into  HIV-1 
virions,  suggest  that  HSP70  may  have  important  functions  in  HIV-1  virus-host 
interactions  and  in  anti-viral  responses  (135-137).  An  interesting,  evolving  proposal  is 
that  Vpr  shares  functional  similarities  with  HSP70  family  members.  However,  the 
functional  homology  data  supporting  this  proposal  primarily  center  on  the  abilities  of 
both  Vpr  and  HSP70  to  bind  to  importin-alpha  and  facilitate  nuclear  import,  a  Vpr 
function  beyond  the  scope  of  this  thesis  (55,  138-140).  Iordansky  et  al.  even  propose  that 
HSP70  specifically  targets  Vpr  to  counteract  this  viral  protein’s  functions,  representing  a 
unique  type  of  anti-viral  response.  This  group  recently  provided  data  in  support  of  their 
hypothesis  that  HSP70  specifically  prevents  Vpr  from  effecting  both  cell  cycle  arrest  and 
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apoptosis.  While  their  proposition  is  thought-provoking,  the  cell  cycle  arrest  suppression 
data  supporting  this  hypothesis  were  not  completely  convincing  (139,  140).  Bukrinsky 
and  Zhao’s  preliminary  data  suggested  that  over-expression  of  HSP27  was  significantly 
more  effective  than  that  of  an  HSP70  isoform  at  reversing  Vpr’s  cell  cycle  effects,  and 
the  data  of  the  two  subsequent  Iordansky  et  al.  studies  similarly  reflected  incomplete 
reversal  by  HSP70  over-expression  (123,  139,  140). 

The  fission  yeast  data  generated  important  questions  that  remain  unanswered.  For 
example,  what  is  the  mechanism  of  Vpr-induced  polyploidy,  why  does  Vpr  expression 
cause  slow  progression  through  S  phase,  and  why  is  “abrogation”  of  Vpr-mediated  G2 
arrest  frequently  not  associated  with  restoration  of  cellular  proliferation?  The 
experimental  observations  giving  rise  to  these  questions  support  the  Sherman  et  al. 
proposition  that  Vpr’s  cell  cycle  effects  may  not  result  from  interactions  with  cell  cycle 
regulators  or  pathways,  but  rather  as  an  indirect  result  of  its  effects  on  (a)  basic  cellular 
process(es),  e.g.  DNA  replication  and  repair,  centrosome  duplication,  and  membrane  and 
cytoskeleton  maintenance  (141).  These  processes  include,  but  are  not  limited  to,  As 
mentioned  in  the  preceding  section,  Bartz  et  al.  were  first  to  demonstrate  Vpr’s  ability  to 
induce  polyploidy  in  Jurkat  T  cells  infected  with  vpr+,  but  not  vpr,  experimental  HIV 
strains.  In  these  experiments,  the  Emerman  group  provided  data  demonstrating  that  a 
significant  percentage  of  Vpr-expressing  cells  were  capable  of  multiple  rounds  of  DNA 
replication  without  a  successful  intervening  cell  division,  and  the  presence  of  both  mono- 
and  multi-nucleated  sub-populations  of  8N  vpr+  cells  suggested  that  at  least  some  cells 
had  entered  mitosis  (90).  Zhao  et  al.  and  Zhang  et  al.  demonstrated  a  similar,  but 
unexplained,  occurrence  in  Vpr-expressing  fission  yeast:  the  DNA  content  in  significant 
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percentages  of  these  cells  exceeded  that  expected  of  cells  arrested  at  the  G2/M  transition 
(102,  103).  While  the  question  of  whether  these  cells  had  re-replicated  DNA  with  or 
without  entering  mitosis  was  not  pursued  in  these  or  any  subsequent  S.  pombe  studies,  the 
characterization  of  Vpr’s  cell  cycle  effects  as  that  of  inducing  G2  or  G2/M  arrest  does  not 
appear  to  adequately  describe  the  spectrum  of  mitotic  defects  associated  with  its 
expression. 

Recent  data  from  Chang  et  al.  emphasize  the  potential  importance  of  the  Bartz  et 
aids  findings  to  understanding  the  mechanism(s)  of  Vpr- mediated  cell  cycle  arrest  or 
delay.  Chang  et  al.  demonstrated  that  Vpr  expression  caused  multiple  defects  in  mitosis, 
nuclear  division,  and  cytokinesis  in  fission  yeast  and  in  transformed  (HeLa)  and  primary 
(endothelial)  human  cells.  This  group  provided  substantial  evidence  in  support  of  their 
conclusion  that  Vpr’s  effects  on  cell  division  extend  beyond  its  effects  on  cell  cycle 
progression.  Chang  et  al.  also  provided  a  convincing  argument  that  Vpr’s  effects  on  cell 
cycle  progression  may  be  secondary  to  its  effects  on  the  mammalian  centrosome  and  its 
yeast  equivalent,  the  spindle  pole  body  (SPB).  Their  results  demonstrated  that  the  Vpr- 
induced  cdc  phenotype  was  initiated  at  a  later  time  than  Vpr-induced  mitotic  spindle 
defects  in  S.  pombe.  In  these  experiments,  Vpr  disrupted  not  only  centra some/S PB 
organization  and  function,  but  also  the  centrosome/SPB  duplication,  separation,  and 
segregation  cycle  (142).  This  cycle  is  stringently  coordinated  with  that  of  cell  division, 
and  essential  cell  cycle  regulators,  including  the  Cdkl/cyclin  B  complex,  are  intimately 
associated  with  the  SPB/centrosome  [reviewed  in  (143-145)].  In  at  least  some  cell  types, 
the  centrosome  may  even  function  as  the  location  for  Cdkl/cyclin  B  final  activation 
(146).  Plol,  the  fission  yeast  homologue  of  a  previously-mentioned  ATR  target,  Plkl, 
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was  one  aberrantly  localized  SPB  component  in  Vpr-expressing  S.  pombe.  Plol 
homologues  demonstrate  a  broad  range  of  conserved  functions  in  cell  division  [reviewed 
in  (147-149)],  and,  since  S.  pombe  dysfunctional  plol  mutants  exhibit  defects  similar  to 
those  resulting  from  Vpr  expression  (150),  Chang  et  al.  proposed  that  some  or  all  of 
Vpr’s  effects  may  result  from  altered  Plol  regulation  (142). 

Zhao  et  al.  and  Zhang  et  al.  disagreed  on  the  cell  cycle  stage(s)  at  which  Vpr 
arrested  the  fission  yeast  cell  cycle,  but,  as  mentioned  earlier,  the  latter  study’s 
explanation  for  arrest  at  multiple  stages  was  definitely  plausible  (102,  103).  This 
explanation  did  not,  however,  explain  their  observation  that  progression  of  Vpr- 
expressing  cells  through  S  phase  was  significantly  slower  than  that  of  control  cells  (103), 
and  unexplained  data  from  Yuan  et  al.  seem  to  suggest  that  Vpr  may  similarly  affect  S 
phase  progression  in  human  cells.  In  their  experiments,  Weel  mRNA  levels  in  control 
virus-infected  HeLa  cells  peaked  at  4  hours  post-release  from  Gl/S  synchronization 
while  this  peak  did  not  occur  until  2  hours  later  in  vpr+  virus-infected  cells  (104,  Figure 
3).  In  the  absence  of  evidence  to  suggest  that  Vpr  specifically  affects  Weel  mRNA 
production,  the  most  plausible  interpretation  of  the  data  is  that  cellular  processes  during  S 
phase  were  delayed  by  Vpr  expression  (104). 

Also  calling  the  specificity  of  Vpr’s  G2/M  effects  into  question  was  Masuda  et 
al.’s  observation  that  restoration  of  proliferation  potential  did  not  accompany  reversion  of 
the  Vpr-induced  cdc  phenotype  in  the  S.  pombe  mutant  strains  (91).  In  the  absence  of 
data  to  suggest  a  differential  Vpr  effect  on  cell  viability,  these  data  imply  that  Vpr- 
induced  arrest  or  delay  occurred  at  (a)  stage(s)  other  than  G2/M  in  these  strains.  The 
possibility  that  Vpr  affects  progression  to  and  through  multiple  cell  cycle  stages  not  only 
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suggests  that  these  effects  may  be  secondary  to  effects  on  another  process,  but  also 
complicates  interpretation  of  experimental  data  from  many  Vpr  cell  cycle  studies.  Most 
flow  cytometry  analyses  from  Vpr  studies  have  typically  ignored  S  phase,  aneuploid,  and 
polyploid  cell  populations  by  reporting  Vpr-induced  alterations  in  terms  of  Gi  to  G2 
percentage  shifts  or  G2  to  Gi  ratios. 

Cdc25/Cdc25C  Inhibition-dependent  Models  for  Vpr-mediated  G2/M  Arrest 

Summary  of  Relevant  Data 

Re  et  al.  were  first  to  report  that,  in  addition  to  Cdkl,  Cdc25C  was  also  inactive  in 
Vpr-expressing  mammalian  cells  (4).  Previous  work  of  Levy  et  al.  and  Rogel  et  al.  had 
demonstrated  that  Vpr  expression,  while  advantageous  for  viral  propagation  in  vivo, 
prevented  cellular  replication  in  cell  culture  (1,  2),  and  Re  et  al.  established  that  vpr 
expression  led  to  HeLa  cell  cycle  arrest  in  G2.  Their  findings  included:  (1)  a  majority  of 
their  vpr-expressing  HeLa  cells  possessed  replicated  genomes;  (2)  the  Cdkl-cyclin  B1 
complexes  immunoprecipitated  from  these  cells  were  unable  to  phosphorylate  histone  HI 
and  contained  inactive,  Tyr15-phosphorylated  Cdkl;  and  (3)  Cdc25C  hypo- 
phosphorylation  status  was  consistent  between  Vpr-expressing  cells  and  the  S-phase- 
arrested,  aphidicolin-treated  cells  and  not  with  those  that  had  undergone  mitotic  entry 
post-nocodazole  treatment. 

Recently,  Goh  et  al.  reproduced  and  expanded  upon  these  Cdc25  findings.  In 
their  experiments,  active  Cdc25C  was  not  detectable  in  ypr+-HIV-l -infected  T  cells 
despite  the  absence  of  observable  change  in  total  Cdc25C  levels.  Goh  et  al.  pursued 
identification  of  the  mechanism  underlying  the  Cdc25C  phosphatase  inhibition  and 
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provided  data  that  suggested  a  physical  interaction  between  Vpr  and  Cdc25C  both  in 
vitro  and  in  mammalian  cell  cultures.  GST-fused  Cdc25C  was  able  to  efficiently  bind  in 
vitro- translated  wild-type  Vpr,  and  the  degree  of  binding  of  this  fusion  protein  to  single¬ 
amino  acid  Vpr  mutants  correlated  with  the  ability  of  each  mutant  to  arrest  the  cell  cycle. 
In  transfected  293T  cells,  epitope-tagged  Vpr  was  also  able  to  co-immunoprecipitate 
some  quantity  of  Cdc25C,  and  Cdc25C  mutation  and  deletion  analysis  mapped  the  GST- 
Cdc25C’s  Vpr-binding  domain  to  a  46-amino  acid  region  in  Cdc25C’s  carboxyl  terminus 
(C-terminus)  located  upstream  of  its  catalytic  domain  (99). 

Vpr-mediated  in  vitro  suppression  of  Cdc25C  catalytic  activity  was  also 
demonstrated  in  this  study.  Recombinant,  histidine-tagged  Vpr  inhibited  the  activity  of 
another  GST  fusion  protein  that  contained  an  NIT-terminally  truncated  Cdc25C,  towards 
3-<9-methylfluorescein  phosphate  (OMFP),  a  chemical  substrate  of  Cdc25C.  A  similarly- 
tagged  Vpr  mutant  with  defective  G2  arrest-inducing  function  and  impaired  Cdc25C- 
binding  ability  did  not  inhibit  this  ability,  suggesting  that  wild-type  Vpr’s  effects  in  this 
assay  were  due  to  a  physical  association  with  and  inhibition  of  the  Cdc25C’s  enzymatic 
activity  localized  to  the  Cdc25C  C-terminus.  Similar  results  were  obtained  in  an  in  vitro 
assay  of  the  ability  of  the  truncated  Cdc25C  fusion  to  activate  CDKl-cyclin  B  towards 
one  of  its  physiological  substrates,  the  histone  HI  protein,  in  the  presence  of  histidine- 
tagged  wild-type  versus  mutant  Vpr  (99). 

To  demonstrate  the  necessity  of  Cdc25C  in  Vpr-mediated  G2  arrest,  Goh  el  al. 
performed  a  number  of  manipulations  in  Vpr-expressing  HeLa  cells,  each  of  which  was 
predicted  to  reverse  cell  cycle  arrest  to  varying  degrees.  These  manipulations  included 
over-expression  of  wild-type  Cdc25C;  over-expression  of  an  active  Cdc25C  mutant  with 
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impaired  Vpr-binding  ability;  over-expression  of  an  inactive,  Vpr-binding  Cdc25C 
mutant;  and  small,  interfering  RNA-mediated  depletion  of  endogenous  Cdc25C.  Flow 
cytometric  data  indicated  that  each  of  these  manipulations  decreased  the  G2/G1  ratio  of  its 
cell  population  (99). 

Other  recent  data  have  also  implicated  Cdc25C  as  a  target  of  Vpr,  but  not  a  direct 
one.  Instead,  these  data  suggest  that  Cdc25C  inhibition  occurred  secondary  to  a  Vpr- 14- 
3-3  protein  association.  As  mentioned  in  the  previous  section,  fission  yeast  genetics 
studies  of  Masuda  et  al.  and  Elder  et  al.  provided  the  first  evidence  of  a  possible  role  for 
14-3-3  proteins  in  mediating  Vpr’s  cell  cycle  effects  (91,  93).  Very  recently,  Kino  et  al. 
have  suggested  the  direct  binding  of  Vpr  with  human  14-3-3  isoforms.  This  group 
performed  a  series  of  yeast  two-hybrid  screens,  using  wild-type  and  two  mutant  Vpr 
“baits”  and  HeLa  cell  cDNA  libraries,  to  identify  Vpr-interacting  HeLa  cell  gene 
products  that  specifically  lost  the  ability  to  interact  with  Vpr  R80A,  a  cell  cycle  arrest- 
incompetent  Vpr  mutant.  14-3-3eta  and  14-3-3sigma  represented  7  of  ninety-six  total 
clones  sequenced  from  the  screen,  and  peptide  fragment  and  mutational  analysis  of  these 
isoforms  suggested  that  their  C-terminal  regions  interact  with  Vpr.  Successful  GST- 14- 
3-3eta  pull-down  of  wild-type  Vpr  and  cell  cycle  arrest-competent  Vpr  mutants  was 
demonstrated.  14-3-3eta  appeared  to  enhance  Vpr-mediated  G2  arrest  in  transient  co¬ 
transfection  experiments  as  evidenced  by  higher  G2/G1  ratios  in  HeLa  and  293  cells 
expressing  both  proteins  than  in  those  expressing  Vpr  alone.  Additionally,  the  group 
provided  co-immunoprecipitation  data  to  suggest  that  transfected  Vpr  forms  ternary 
complexes  with  endogenous  Cdc25C  and  14-3-3  proteins  in  293  cells  (105). 
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Kino  et  aids  most  interesting  results  may  have  been  those  obtained  in  wild-type 
and  M-S-Ssigma'7'  HCT116  cells.  Infection  of  these  cell  lines  with  vpr+  or  vpr  HIV-1 
molecular  clones  demonstrated  that  Vpr  expression  in  the  wild-type  HCT1 16  resulted  in  a 
substantially  larger  G2/G1  cell  population  ratio  than  did  its  expression  in  HCT116  14-3- 
3sigma_/"  cells.  Knockout  of  14-3-3sigma  reduced  the  G2/G1  ratio  from  approximately  8 
to  3  times  that  of  controls,  a  result  the  authors  assessed  to  be  a  nearly  complete  reversal 
of  Vpr’s  mitotic  entry  block;  and  reestablishment  of  14-3-3sigma  expression  in  the 
knockout  cells  fully  restored  Vpr’s  capacity  to  induce  G2  arrest.  Kino  et  al.  tested  Vpr’s 
effects  on  CDC25C  localization  by  immunofluorescence  of  wild-type  and  14-3-3  sigma7' 
HCT116  cells  expressing  either  enhanced  green  fluorescent  protein  (EGFP)-fused  wild- 
type  or  Ser216-mutant  Cdc25C  in  the  presence  or  absence  of  Vpr.  Comparisons  of  the 
nuclear  versus  cytoplasmic  EGFP  signal  ratios  of  these  cell  populations  indicated  the 
possible  involvement  of  14-3-3sigma  in  Vpr-mediated,  Ser  phosphorylation- 
independent,  cytoplasmic  retention  of  Cdc25C  (105). 

Discussion  ofVpr-CDC25C  Direct  Interaction  Model  of  Cell  Cycle  Arrest 

Goh  et  al.  suggest  that  direct  association  of  Vpr  with  Cdc25C  leads  to  G2  arrest,  a 
mechanism  that  might  appear  to  be  the  simplest  yet  proposed  for  Vpr-mediated  cell  cycle 
arrest.  However,  in  an  exceptionally  well-balanced  discussion  of  their  findings,  Goh  et 
al.  point  out  the  uncertainties  created  by  these  results  in  the  context  of  others’  work. 
Their  recognition  of  the  paradox  generated  by  their  data  and  that  of  Chen  et  al.  was 
particularly  insightful.  Chen  et  al.  had  demonstrated  that  somatic  cells  from  cdc25C 
knockout  mice  entered  mitosis  normally  in  response  to  proliferative  signals  while 
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retaining  normal  DNA  checkpoint  responses  (151),  but  Goh  et  a/.’s  data  indicated  that 
CDC25C  was  essential  for  Vpr’s  prevention  of  mitotic  entry  (99).  Since  Chen  et  al.  had 
suggested  that  either  of  two  other  mammalian  Cdc25  homologues,  Cdc25A  or  Cdc25B, 
was  responsible  for  activating  Cdkl  in  the  absence  of  Cdc25C  (151),  Goh  et  al. 
speculated  that  not  only  is  CDC25C  in  complex  with  Vpr  incapable  of  activating  CDK1 
but  also  prevents  at  least  one  other  CDC25  homologue  from  doing  the  same,  possibly  via 
binding  of  the  CDC25C-Vpr  complex  to  CDKl-cyclin  B  (99). 

Goh  et  al.  ultimately  concluded  that  their  data  support  a  role  for  aberrant 
regulation  of  CDC25C  activity  in  Vpr-mediated  arrest,  but  avoided  overstating  the 
significance  of  their  results.  This  group  stressed  that  few,  if  any,  mechanistic  details  of 
Vpr-mediated  arrest  are  known  and  specifically  cited  the  previously  discussed  fission 
yeast  and  Re  et  al.  as  particularly  important  to  elucidating  these  details.  In  doing  so,  Goh 
et  al.  stated  or  implied  that  any  proposed  detailed  mechanism  must  account  for  PP2A, 
Weel,  and  14-3-3  protein  involvement  in  addition  to  that  of  CDC25C.  The  Vpr- 
mediated  disruption  of  normal  spatial  regulation  of  cell  cycle  regulatory  molecules 
suggested  by  de  Noronha  et  al.,  particularly  their  nuclear  and  cytoplasmic 
compartmentalization  and  trafficking,  was  another  level  of  potentially  significant 
dysregulation  discussed  by  these  authors  (4,  91-93,  98,  99). 

While  Goh  et  al.’s  discussion  placed  the  significance  of  its  findings  within  an 
appropriate  context,  the  limitations  of  their  published  data  require  discussion.  The 
primary  criticism  is  not  unique  to  this  study  and  involves  the  method  of  analyzing  Vpr 
expression-related  flow  cytometric  data.  Comparisons  of  G2/G1  ratios  at  single  time 
points  post-experimental  manipulation  is  inadequate  for  gaining  a  clear  understanding  of 
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the  Vpr’s  cell  cycle  effects.  In  two  studies,  the  Aida  group  demonstrated  that  Vpr  was 
capable  of  preventing  cellular  proliferation  by  a  mechanism  independent  of  G2/M  arrest 
induction,  possibly  involving  Gi  arrest  induction  (152,  153).  This,  along  with  evidence 
of  Vpr’s  propensity  for  inducing  both  S-phase  progression  delays  and  polyploidy, 
complicates  interpretation  of  single  time-point,  G2/G1  ratio  data  as  does  the  possible 
occurrence  of  differential,  experimental  manipulation-dependent  cytotoxic  effects. 

Another  criticism  applicable,  but  not  restricted,  to  the  Goh  et  al.  study  is  that  of 
assessing  the  biological  relevance  of  co-immunoprecipitation  demonstrations  involving 
Vpr.  Dozens  of  Vpr-cellular  protein  associations  linked  with  Vpr’s  ability  to  influence 
cell  cycle  progression  have  been  identified  by  this  method.  Each  of  these  demonstrated 
interactions  has  been  accompanied  by  genetic  and/or  biochemical  evidence  to  support 
biological  relevance.  While  highly  improbable  that  all  of  these  interactions  are  truly 
relevant  in  the  context  of  natural  HIV-1  infection,  ascertaining  which  one(s)  is/are  truly 
important  is  impossible.  Insofar  as  the  Goh  et  al.  data,  however,  any  interpretation  that 
suggests  Vpr’s  cell  cycle  effects  are  due  solely  to  its  interactions  with  the  Cdc25 
phosphatases  is,  at  the  very  least,  premature  and  is  probably  incorrect. 

14-3-3-dependent  CDC25C  Inhibition  Model  of  Vpr-mediated  Arrest 

Kino  et  al.  concluded  that  their  data  supported  a  model  whereby  Vpr  affects  cell 
cycle  arrest  by  binding  to  14-3-3  proteins.  In  this  model,  Vpr- 14-3-3  interactions 
enhance  the  ability  of  14-3-3  proteins  to  inhibit  Cdc25C  by  allowing  14-3-3-Cdc25C 
association  without  prerequisite  Cdc25C  Ser  phosphorylation.  These  Vpr- 14-3-3 
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associations  with  Cdc25C  are  proposed  to  result  in  Cdc25C  cytoplasmic  sequestration 
and  thereby  prevent  Cdc25C’s  CDKl-cyclin  B  complex-activating  ability  (105). 

Kino  et  aV  s  data  implicating  14-3-3  protein  involvement  in  Vpr-mediated  arrest 
was  compelling,  especially  considering  the  S.  pombe  data  suggesting  similar 
involvement.  However,  the  data  did  not  support  the  proposed  model,  particularly  the  data 
of  the  HCT116  cell  experiments.  Wild-type  Cdc25C  localization  did  not  appear  to  be 
affected  by  Vpr  and/or  14-3-3sigma  expression  in  apparent  contradiction  of  the  cell  cycle 
arrest  data.  That  cell  cycle  arrest  data,  assuming  the  model  is  correct,  should  have  led  to 
at  least  two  predictions  not  supported  by  the  immunolocalization  studies.  First,  since  Vpr 
expression  in  wild-type  HCT116  cells  resulted  in  a  dramatically  increased  G2/G1  ratio 
indicative  of  a  G2  arrest,  Vpr  expression  in  these  wild-type  Cdc25C-expressing  cells 
should  have  resulted  in  an  EGFP-Cdc25C  cytoplasmic  shift.  Second,  since  Vpr 
expression  in  the  absence  of  14-3-3sigma  in  the  knockout  cells  was  still  associated  with  a 
three-fold  higher  G2/G1  ratio  than  both  Vpr  control  populations  (wild-type  and  14-3- 
3sigma  knockout  HCT116  cells),  the  cytoplasmic/nuclear  EGFP-Cdc25C  ratios  should 
have  reflected  these  differences  as  well.  Because  the  first  of  these  predictions,  in 
particular,  was  not  satisfied  by  the  data,  the  Cdc25C  Ser216  mutant  relocalization  data, 
while  interesting,  is  moot.  While  the  Vpr- 14-3-3  protein  direct  interactions  appear  to  be 
biologically  relevant,  Kino  et  al.’s  model  is  flawed. 

How  biologically  relevant  is  the  formation  of  Vpr- 14-3-3  protein-Cdc25C  ternary 
complexes  and  Cdc25C  inhibition?  The  most  interesting  Kino  et  al.  finding,  the  dramatic 
effect  of  14-3-3sigma  knockout  on  Vpr’s  ability  to  arrest  human  colon  carcinoma-derived 
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HCT1 16  cells  (105),  opposes  the  interpretation  of  a  prominent  role  for  Cdc25C  inhibition 
in  Vpr-mediated  arrest.  HCT116  14-3-3sigma  promotes  DNA  damage-induced  G2  arrest 
and  prevents  DNA  damage-induced  mitotic  catastrophe  in  a  Cdc25C-independent  manner 
(19,  154,  155).  The  method  by  which  14-3-3sigma  performs  these  functions  has  not  been 
clearly  defined  despite  initial  suggestions  that  these  effects  were  the  product  of  direct  14- 
3-3sigma  interaction  with  Cdkl-cyclin  B  complexes  (19).  While  such  a  mechanism  is 
would  be  difficult  to  reconcile  with  Vpr-mediated  effects,  Kino  et  aV  s  data 
demonstrating  that  14-3-3sigma  loss  prevents  Vpr-mediated  arrest  without  changing 
wild-type  Cdc25C  distribution  patterns  suggest  that  14-3-3sigma  may  modulate  cellular 
responses  to  Vpr  expression  and  DNA  damage  by  a  similar  mechanism.  Excitement  over 
the  14-3-3sigma 7  Vpr  data  may  be  somewhat  dampened  by  the  demonstration  that  the 
14-3-3sigma  isoform  appears  to  be  primarily  important  in  epithelial  cells  (156,  157),  the 
possibility  cannot  be  excluded  that  Vpr  affects  a  similar  mechanism  in  immune  system 
cells,  possibly  involving  (a)  different  14-3-3  isoform(s). 

CONCLUSION 

The  concluding  statement  of  Goh  et  a/.’s  discussion  on  the  role  of  Cdc25 
homologues  in  Vpr-mediated  arrest  is  undeniably  true.  The  mechanism  of  Vpr-mediated 
arrest  will  remain  elusive  until  we  acquire  a  more  detailed  understanding  of  the 
interconnections  among  the  cellular  pathways  and  processes  that  influence  key  cell  cycle 
regulatory  molecules  (99).  Currently  available  data  suggest  important  roles  for  PP2A, 
14-3-3  proteins,  Weel,  and  Cdc25  homologues  in  this  process  (4,  91,  93,  100,  158),  but 
the  detailed  molecular  mechanism  of  those  roles  is  unknown  .  Direct  interactions  with 
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Vpr  have  been  reported  for  three  of  the  four,  excepting  Weel  (99,  105,  158);  the  one 
report  of  a  PP2A  subunit-Vpr  interaction  was,  however,  ultimately  retracted  (158).  The 
data  suggesting  involvement  of  a  direct  Vpr-Cdc25C  interaction  are  not  easily 
incorporated  into  a  single  arrest  mechanism.  Since  14-3-3  proteins  and  PP2A  interact, 
reviewed  in  (159),  and  both  regulate  Cdc25  homologues  and  Weel,  (160-164)  and 
reviewed  in  (81),  a  direct  interaction  between  either  and  Vpr  offers  a  reasonable, 
relatively  simple  explanation  for  Vpr-mediated  arrest.  Demonstration  of  a  biologically 
relevant  direct  interaction  between  Vpr  and  either  or  both  fission  yeast  14-3-3 
homologues  would  contribute  greatly  to  integrating  the  wealth  of  data  available  in  the 
field  of  Vpr-mediated  cell  cycle  arrest. 

While  Vpr  does  induce  CT/M  arrest  in  a  majority  of  cells,  this  outcome  of  Vpr 
expression  appears  to  be  a  product  of  alterations  that  begin  in  early  S  phase  (66,  91,  103, 
104,  152,  153).  G2/M  arrest  induction  may  not  be  a  specific  intent  of  HIV-1  Vpr,  but 
rather  the  typical  cellular  response  to  disruption  of  cellular  processes  by  this  protein. 
Vpr-associated  experimental  findings  such  as  re-duplication  of  the  genome  in  the  absence 
of  nuclear  division  and  induction  centrosome  duplication  defects  prior  to  arrest  induction 
support  such  a  view  (90,  142).  The  S  phase  timing  of  alteration  onset  and  subsequent 
activation  of  ATR  suggest  that  Vpr  may  target  early  steps  in  the  DNA  replication 
process,  and  “DNA  licensing”  factor  involvement  is  suggested  by  the  genome  re¬ 
duplication  findings.  S.  pombe  data  demonstrating  that  suppression  of  Vpr-mediated 
arrest  in  ppa2,  rad24,  and  weel  mutant  strains  did  not  result  in  restoration  of  cell 
proliferation  (91)  indicate  that  each  of  these  gene  products  either  participate  in  or  are 
influenced  by  the  cellular  processes  affected  by  Vpr  expression.  Investigation  of 
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potential  14-3-3  and  PP2A  roles  in  DNA  replication  initiation  and  DNA  licensing  may 
offer  particularly  enlightening  results. 

The  source  of  Vpr’s  cell  cycle  effects  appears  to  affect  a  number  of  additional 
cellular  processes  and  pathways.  How  the  regulation  of  these  with  one  another  and  with 
those  mentioned  above  offers  a  vast  field  for  exploration.  Prompted  primarily  by  the  de 
Noronha  et  al.  demonstration  of  Vpr-generated  nuclear  envelope  abnormalities  (98), 
Sherman  et  al.  had  first  suggested  that  Vpr’s  cell  cycle  effects  might  be  secondary  to 
effects  on  another  cellular  process  rather  than  a  product  of  a  direct  association  with  a  cell 
cycle  regulatory  molecule  (141).  In  addition  to  disturbed  membrane  function,  Vpr  may 
affect  a  number  of  cellular  processes  with  regulatory  ties  to  the  cell  cycle.  These  include 
centrosome  duplication  cycle  dysregulation,  and  plol/plkl  might  provide  a  link  between 
the  two  (97,  142,  165-167).  Vpr  may  also  affect  the  translation  initiation  process  as  two 
eukaryotic  translation  initiation  factor  3  (eIF3)  components  have  now  been  implicated  in 
Vpr-mediated  arrest,  human  Mov34  and  fission  yeast  Suml  (100,  168,  169).  Suml  and 
Vpr  have  also  been  implicated  in  proteasomal  degradation  processes  (108,  170,  171),  and 
proteasomal  degradation  is  a  major  mechanism  for  controlling  the  activity  of  cell  cycle 
regulators.  DNA  repair  processes  may  be  associated  with  Vpr’s  cell  cycle  effects.  In 
addition  to  Zimmerman  et  a/.’s  demonstration  of  Vpr- associated  BRCA1  and  H2AX 
redistribution  (97),  direct  interactions  with  two  excision  repair  proteins,  UNG  and 
HHR23A,  have  been  demonstrated  (51,  172-178);  and  the  interaction  with  HHR23A  has 
been  associated  with  Vpr’s  ability  to  arrest  the  cell  cycle  (176).  Regulation  of 
cytoskeleton  function  and  MAPK  signaling  (68,  120,  121,  164,  179)  are  also  among  the 
processes  affected  by  Vpr  with  links  to  cell  cycle  regulation.  While  the  mechanism(s)  of 


58 


Vpr-mediated  arrest  are  incompletely  understood,  the  number  of  processes  linked  to  Vpr- 
mediated  arrest  seems  to  indicate  that  Vpr  directly  interacts  with  a  cellular  component 
involved  in  regulating  a  vast  array  of  processes  to  exert  its  effects.  14-3-3  proteins  and 
PP2A  are  such  cellular  components. 

Vpr’s  roles  in  modifying  intracellular  conditions  to  the  advantage  of  the  virus, 
particularly  in  coordinating  viral  life  cycle  progression  with  cell  cycle  progression,  that  . 
Env  induces  activation  of  a  number  of  signaling  pathways  by  ligating  CD4  and  the 
chemokine  co-receptor,  and  the  infected  cell  displays  a  propensity  to  undergo  apoptosis 
as  the  result  of  Env-mediated  events,  reviewed  in  (180).  The  concept  that  Vpr,  as  a  viral 
immediate  early  protein  (181),  might  be  important  in  promoting  infected  cell  survival  by 
dampening  these  effects  is  an  attractive  one.  Further  investigations  into  how  early  events 
of  the  viral  life,  e.g.  reverse  transcription,  movement  of  the  PIC  to  and  through  the 
nuclear  envelope,  and  proviral  integration,  are  coordinated  with  the  host  cell  cycle 
progression  may  give  a  clearer  picture  of  Vpr’s  value  to  viral  propagation. 
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